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ABSTRACT 

Five types of power systems are considered for use with a two man lunar roving vehicle for 
a 45-Day Mission. Life support and cabin environmental control system conceptual designs 
are investigated. The benefits of thermal integration of the power and life support system 
are determined. Comparisons of nonintegrated and integrated designs are made to determine 
the combination with the most merit. An integrated isotope Brayton cycle - life support 
system is selected as the one with the most potential for use with the roving vehicle. 
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SUMMARY 

The main objective of this study was to determine from several potential power systems the 

best candidate for a lunar roving vehicle, taking into account closed life support systems 

and the possibilities for thermal integration. The power systems considered were hyper- 

golic engine, hydrogen-oxygen engine, fuel cell, isotope Bray-ton cycle and isotope 

Rankine cycle. The closed loop life support systems recycled water and oxygen as principal 

functions. A two-man crew was used for equipment sizing. 

The roving vehicle mission duration was taken as 45 days. The assumed vehicle configura- 

tion was a l&foot cabin (extended MOIAB) on four wheels attached to one or more two-wheeled 

trailer modules carrying the power system and fuel. The available electrical power required 

is approximately 3 kw for full vehicle operation,! including locomotion. Each complete 

vehicle is to be transported to the lunar surface by an unmanned Saturn V-LLV with a payload 

capability of 28,000 pounds. The trailer modules were constrained to have a maximum weight 

of 3000 pounds. A loo-watt electrical output RTG is located on the side of the cabin for the 

30-day dormant period power. 

The lunar thermal environment was considered for heat rejection constraints. The chosen 

terrain placed the vehicle in a bowl with a g-degree upward slope in all directions. Life 

support analyses included environment control of the cabin, electronic equipment, thermal 

control, and extravehicular suit water, oxygen, and thermal balances. 

Thermal integration of the power and life support systems, or the use of power equipment 

waste heat to operate life support processes, was studied for each power system to deter- 

mine the advantages and shortcomings. A formal evaluation of both integrated and non- 

integrated vehicles was conducted to select that combination with the most potential for 

use in the lunar roving vehicle. 
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The major results were: 

a. An integrated isotope Brayton cycle has the greatest potential for use in the 45-&y 

mission lunar roving vehicle. The isotope requirement for this system is 14 KWe; 

the single trailer module weight slightly less than 3000 pounds. 

b. Thermal integration reduces isotope systems electrical power requirements from 

2.85 KWe to 1.85 KWe. The replacement of electrical heat with power system heat 

is feasible for the majority of the roving vehicle life support processes entry 

requirements. 

c. The cabin and power system trailer module are capable of heat rejection and control 

during the lunar environment extremes without recourse to use of expendables or 

reduction in operations. 

d. Shorter mission times improve the merit of the fuel cell, longer mission times 

(and successive missions with one vehicle) improve the merit of the isotopic power 

systems. The point of equal merit for the evaluation conducted was 34 days. 
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SECTION 1 

INTRODUCTION 

1.1 BACKGROUND 

Various methods are being considered for lunar surface exploration following the initial 

Apollo LEM landings around the end of this decade. A possible method of approach, which 

has been studied in some depth, is a two man lunar roving vehicle with the acronym MOLAB 

(Reference l-l and l-2). As part of the basic Apollo-Saturn V system the MOLAB is en- 

visioned for use with mission durations not exceeding 14 days,due to booster weight limi- 

tations. Fuel cells have been the selected power source in the MOLAB studies because 

they are relatively light weight and will be flight proven in the Gemini and Apollo programs. 

MOLAB could be the complete expeditionary force or it could function as part of a lunar 

base-vehicle system that would have a total crew complement of six or more (Reference l-3 

and l-4). 

The prospects for long duration single vehicle expeditions and base/roving vehicle complexes 

have been examined in anticipation of post Apollo and requirements beyond the 14-day 

MOLAB (Reference 5). The vehicle of particular interest is the two-man intermediate 

exploration vehicle (IEV) which has a 42 day mission duration, as studied in Reference l-5. 

The vehicle configuration is similar to a MOLAB, with a one foot cabin extension and the 

addition of a second trailer module to carry power system fuel (Figure l-l). This vehicle 

was adopted as the basic configuration for the 45 day mission .lunar roving vehicle con- 

sidered in this study. It is assumed that a single Saturn V-Lunar Landing Vehicle would 

deliver the roving vehicle to the lunar surface. The two-man crew would arrive by another 

flight system at some later time. ‘The study emphasis was placed by direction on a single 

45 day mission. However, it’is recognized, as investigated by others, that a more economic 

long-range plan would be to reuse the vehicle on multiple missions, as with vehicle/base 

complexes. An extension of manned vehicle active operation time could have an impact on 

methods used in some of the different vehicle systems, such as power, life support, enviro- 

mental control, locomotion, and the scientific experiments. Closed loop systems, or 

methods which reprocess the same material, may offer certain advantages when long term 



missions are considered. For the life support system, oxygen and water can be reused 

and recovered with existing design concepts. The closed system concept is also descriptive 

of power systems using radioisotopic energy sources with long half-lives. 

TWO previous studies (References 6 and 7) have explored the design of life support and 

power systems for a six man earth orbiting vehicle and a two man lunar shelter. The 

primary purpose of this work was to examine thermal integration of the two systems, using 

waste thermal energy in place of electrical energy from the power system to operate life 

support process equipment. It was found that this integration was feasible and resulted in 

reduced power system size and weight. Thermal integration may provide advantages for a 

lunar roving vehicle. 

1.2 PURPOSE 

The objectives of this study were to examine different possible power systems and associated 

life support systems, and determine the extent and practicality of thermal integration when 

used on a 45 day two man lunar roving vehicle. Evaluations of integrated roving vehicles 

with each power system were also required to determine the benefits of thermal integration. 

Results of past studies, including the work on two previous thermal integration contracts, 

were to be re-applied where applicable. 

1.3 STUDY TOPICS 

The electrical power systems considered in this study were: 

a. Radioisotope dynamic systems 

1. Brayton cycle power system 

2. Rankine cycle power system 
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Figure l-l. Basic 45 Day Lunar Roving Vehicle 



b. Chemical power systems. 

1. High temperature fuel cell 

2. H-O internal combustion engine system 

3. Hypergolic combustion engine system 

The life support subsystems examined were as follows: 

li CO2 regeneration by the sabatier method 

2. Urine treatment by distillation and pyrolysis 

3. Waste water distillation 

4. Food preparation 

5. Cabin atmosphere cooling 

Cabin environment control, including consideration of an absorption refrigeration system 

was analyzed. 

Study analyses included the following areas: 

a. Electrical power requirement for each configuration 

b. Power system energy requirements or heat source size 

C. Size and weight of heat rejection equipment 

d. Isotope source configuration and weight 

e. Effects of thermal integration on power and life support systems 

f. Temperature level and energy rate requirements for life support processes 
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j. 

k. 

1. 

Thermal integration equipment design 

Power system component design to the extent of determining size and weight 

Life support equipment design to the extent of size, weight, and determination 

of their thermodynamic characteristics 

Lunar environment 

Vehicle mission requirements 

Systems evaluation 

1.4 APPROACH 

The initial requirement in the study was to establish a philosophy such that each system 

was designed on a consistent basis. The requirement was met by analyzing and extrapo- 

lating from previous studies the lunar environment, roving vehicle mission requirements, 

vehicle equipment electrical requirements, crew consumable requirements, design 

philosophy, and assembling all of this information into the design guidelines (Section 3). 

Some important general guidelines are: 

a. Two-man crew 

b. Unmanned placement on lunar surface followed by 30 day dormant period 

C. 45-day manned mission 

d. Near lunar equator location with system to be capable of all functions during 

lunar day and night 
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e. Vehicle configuration to be a modified MOLAB - Also called intermediate 

exploration vehicle (IEV) (Figure l-l). 

Following identification of the significant restraints, studies were made of the power and 

life support systems and nonintegrated designs were reached. The electrical power 

requirements of the life support system were established, along with the temperature 

requirements of each process. The waste heat temperatures and quantities from the 

power systems were identified, and the degree to which electrical power could be replaced 

by thermal power was determined., The electrical power output requirements were then 

reduced by the power replaced with heat in the life support systems and the power systems 

were resized for the new electrical load. Effects on the life support equipment of replacing 

electrical energy with heat energy were investigated, and design modifications performed 

where necessary. 

Following the systems design phases, a comparison of the resulting combinations were 

made, according to established criteria. Selected integrated combinations were compared 

with the present MOLAB standard, a fuel cell with nonintegrated life support system. 

1.5 

l-l. 

l-2. 

l-3. 

l-4. 
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SECTION 2 

RESULTS 

This section presents a summary of the results of the study and discusses their implications. 

2.1 STUDY RESULTS 

A. The evaluation of the power systems and their associated life support systems produced 

the following ranking for a 45 day mission: 

Figure of Merit .- 

a. Integrated Bray-ton Cycle 234 

b. Integrated Rankine Cycle 216 

C. Fuel Cell 214 

d. Integrated Hydrogen-Oxygen Engine 127 

(The Hypergolic Engine was eliminated from evaluation because of excessive weight) 

Figure 2-l shows the mission time dependence of the relative figure of merit of the power 

systems. The complete evaluation and supporting evidence can be found in Section 3. 

B. The two integrated isotopic systems and a fuel cell system were compared for the three 

criteria: weight, deployed area and electrical power requirements. 

Fuel Cell 
+ Open Loop LSS 

Brayton + 
Closed Loop ISS 

Rankine + 
Closed Loop ISS 

Power System + Life 
Support System 

Weight (Pounds) 

Deployed Area 
(Square feet) 

Electrical Power 
Requirements (Gross) 

6674 3208 3386 

230 

3.15kw 

379 

2.43kw 

267 

2.47hw 
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C. Thermal integration reduces the isotopic systems electrical power requirements by 

970 watts. The H2 - O2 engine power required is reduced 880 watts by thermal integration. 

The process heat required by life support equipment is essentially all supplied by thermal 

integration. The remaining life support electrical power consists of pumps, blowers, 

electrolysis, illumination (germicidal), and pyrolysis which are all definitely unfeasible 

for operation by thermal power. 

D. The reduction in required electrical power changes the H2 - O2 engine system weight from 

12,500 pounds to 8,730 pounds. The thermally integrated Rankine isotope source is reduced 

from 36 to 29 thermal kilowatts. The integrated Brayton cycle heat source requirements 

are reduced from 18.5 to 14 thermal kilowatts. 

E. The radiator shading by lunar terrain and the elevated lunar surface day temperatures, for 

the considered model, did not significantly affect roving vehicle design or operation, 

although the presence of a hot day surface did limit radiator configurations. 

I!‘. The isotope power systems require one trailer module for the 45 day mission, the fuel cell 

power system requires two trailers, and the integrated hydrogen-oxygen system requires 

three trailers to carry the fuel. 

G. The lightest isotopic system designs are composed of constant output alternators with 

secondary batteries accounting for peak power demand. 

H. The best general heat rejection method for the roving vehicle trailer and cabin is to use a- 

direct space oriented radiator. Absorption refrigeration does not provide benefits for 

electronic equipment heat rejection. Also, as results of the previous study (Reference 2-l) 

show, a vapor compression system requires additional electrical power, weighs more, 

reduces reliability and is otherwise unattractive. 

11 



I. For the fuel cell and H2 - O2 engines, product water can be used to reduce the size of the 

cabin radiator. However, the amount of reduction is less than 20%. Also studies -for longer 

term base roving vehicle complexes (Reference 2-2) indicate that it is advantageous to re- 

turn the water to a base for reseparation into hydrogen and oxygen. 

J. Magnesium oxide can be used in cannisters in the pressurized suits to remove CO2 from 

suit-air. This represents a simplification over the molecular seive process and saves 

weight. 

K. Minimum electrical power requirements were found with the integrated hydrogen-oxygen 

engine, 1.72 kwe (Net). 

L. The dormant period thermal control is accomplished by having low flow pumps and blowers 

(operating with 13 watts RTG Power) to circulate the cabin oxygen and radiator fluid. 

M. The vapor fin radiator provides advantages over the fin-tube design for use on the lunar 

roving vehicle. 

Table 2-l presents a summary of the significant parameters derived during the study, for 

all the power systems examined. Figures 2-2 through 2-6 show the overall trailer-cabin 

configuration for each power system. 

2.2 DISCUSSION OF RESULTS 

The hypergolic engine was eliminated from the systems evaluation because its weight of 

24,000 pounds (integrated) plus the rest of the roving vehicle (estimated at 6000 pounds) 

exceeds the 28,000 pounds now being considered as the maximum Saturn V - LLV Payload 

(Reference 2-2). 

As can be seen in Figure 2-1, the figure of merit for the chemical systems decreases 

noticeably with increasing mission duration. The isotope systems are semiweight inde- 

pendent with a per-day increase of 18 pounds while the fuel cell use is 130 pounds per day. 

Thus the isotope systems not only weigh less, but are more adaptable to extended or 

12 



SUMMARY TABLE 2-l. POWER SYSTEMS FOR LUNAR ROVING VEHICLE 

wmking fluids 

Rotation rate (rpm) 
Elech-ioal power 
FUel 

Maximum temperature (OR) 

“Cycle efficiency” 

System eraciency 

( 

Electrical 
Average Electrical 
net power Thermal 

(W TOtal 

( 

Electrical 
AWlYlge Electrical 
gross power Thermal 

W) Total 

Net power system weight 

Grose power system weight 
(pounds) 

Number of trailer 

weight per trailer 
(Pounds) 

Volume (CU ft) 

Net DOWer system weight/lb N-l 3.850 6.100 
Net useful Power nw I 2,800 4,650 

Gross pcnver system weight/lb 
Net useful power kw 

Waste heat (kw) 

N-I 4,900 7,800 
I 3,700 6.000 

N-I 
I 

7.1 
3.0 

14.1 
8.7 

Radiator inlet/outlet N-I 960-950 960-950 
temperature (OR) I 950-940 950-940 

Radiator area (sq ft) N-I 190 95 
I 150 62 

system 

Tvpe 

Hypergolfc 
Engine 

B 

B 

B 
B 
B 

=2-O2 
Engine 

~__ 

Chemical 
DylKUlk 
Piston 
H2-Steam 

6000 (max) 
400 Hz 

%’ 2 
0 

B 4000 

Chemical 
DylMliC 
Piston 
COIllbuStlOn 
pIWdUCt.¶ 
6000 (ma.%) 
400Hz 

N2°4 ’ 
UDMH/N2H4 

5800 

N-I 0.26 0.25 
I 0.28 0.25 

N-l 0.22 0.20 
I 0.31 0.26 

N-l 2.60 4.68 
I 1.72 3.05 
I 0.71 0.97 
I 2.43 4.02 

N-l 2.68 4.77 
I 1.77 3.13 
I 1.13 1.17 
I 2. so 4.30 

N-I 10.070 28,500 
I 6.610 18.700 

N-I 12.820 36,450 
I 8,960 24,250 

N-I 
I 

4 
3 

12 
8 

N-I 
I 

3.200 
3,000 

3.040 
3.030 

N-I 
I 

1,100 
800 

1.300 
850 

(45-DAY MISSION) 

Isotope Isotope FW?l 
BraytOn RanklIle Cdl 

NUCb3Z Nuclear Chemical 
DpUIliC Dynamic static 
Turbine Turbine 
Argon Mercury H2-02-stem 

67,500 & 12.000 40.000 --- 

400 Hz 2000 Hz DC 
Isotope Isotope 

H2 ’ O2 

1950 1710 960 

0.25 0.15 0.61 
0.23 0.13 

0.16 0.08 0.44 
0.20 0.10 

2.85 2.85 2.26 
1.86 1.85 
0.97 1.00 
2.85 2.85 

3.51 3.71 3.15 
2.43 2.47 
1.19 1.16 
3.62 3.63 

1,813 1.944 4,990 
1,520 1.730 

3,160 3,290 6.490 
2.870 3,080 

1 1 2 
1 1 

3.160 3.290 3,245 
2.810 3.070 

150 135 260 
135 120 

640 680 2,200 
530 610 

I, 100 I. 200 2.900 
1.000 1,100 

13.5 31.9 3.3 
10.5 24.9 

660-520 1065-855 670-585 
830-520 1065-840 

285 130 120 
205 100 

Note 1: Code: N-I Nonintegrated system 
I Intigrated system 
B Both systems 
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I: Figure 2-2. Lunar Roving Vehicle with Hypergolic Engine Power System 
Ii 



Figure 2-3. Lunar Roving Vehicle with Hydrogen-Oxygen Engine Power System 



Figure 2-4. Lunar Roving Vehicle with Fuel Cell Power System 
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Figure 2-5. Lunar Roving Vehicle with Brayton Cycle Power System 
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Figure 2-6. Lunar Roving Vehicle with Mercury Rankine Cycle Power System 



multiple missions. Two significant items in the fuel cell’s favor were the lack of large 

isotope requirement, and its development status. The matching of the isotope systems 

shows that the smaller amount of isotope fuel required by the Brayton system outweighs 

the Rankine cycle’s advantages in having a smaller radiator, its present more extensive 

development, and less dependence on proper life support heat removal when thermally 

integrated. 

The 880 watts of electrical power reduction for the hydrogen-oxygen engine includes approxi- 

mately 180 watts for trailer locomotion, since thermal integration reduces the number of 

trailers from four to three. The CO2 is not processed to recover oxygen when the H2 - O2 

engine is used, for it is simpler and lighter to transport extra oxygen and use it directly. 

The difference in energy requirements for the isotopic and chemical systems is then due to 

CO2 processing, principally in water electrolysis. 

The change in isotope requirements is considered significant because available references 

indicate that likely fuel candidates will be both expensive and scarce for the model program 

schedule. Further reduction in isotope thermal source sizes beyond thermal integration 

can be made by: a) decreasing the rejection temperature, or b) using a life support system 

in which oxygen is not recovered. Decreasing the rejection temperature would impose a 

weight and complexity penalty on the system, but would reduce source requirements, since 

it increases thermal efficiency. Use of an open loop for the oxygen portion of the Life 

Support System would decrease weight slightly (for a 45 day mission), simplify the system, 

and reduce source requirements to 10. 5 kw in the Brayton system and 22.5 kw in the Rankine 

system. If the vehicle were to be reused for several 45 day missions, then the 8 pounds 

per day of oxygen weight penalty would reach a point where the closed cycle with oxygen 

recovery would be desirable. 

Prior to the study, direct supply of electrical power from an alternator for all profile 

demands was felt to be feasible. As work progressed it became apparent that the initial 

equipment weights for the fuel cell, Brayton cycle. and Rankine cycle were quite dependent 

on maximum output. To minimize weight, the choice was then made to smooth the power 
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profile with a secondary battery, resulting in a more level output. Although this results 

in additional battery weight, the total system is lighter and additional power is available 

to assist in startup, emergency or repair periods. 

Thermal integration of the fuel cell power system with, life support was examined briefly. 

In terms of the evaluation method used, thermal integration would reduce total weight by 

perhaps 1000 pounds, at the expense of the Tl’hermal Integration” penalties. The fuel cell 

system would still weigh 5500 pounds (and require two trailer modules) versus the 3000 

pounds for the isotopic systems and its figure of merit for the criteria used would improve 

only slightly. 

2.3 

2-l. 

2-2. 
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SECTION 3 

DESIGN lWQI.JIREMENl’S AND SYSTEMS COMPARISONS 

3.1 DESIGN GUIDELINES 

3.1.1 INTRODUCTION 

The design guidelines which were established to define the design requirements, con- 

straints and philosophy were based on the contract work statement and References 3-l 

through 3-5. The guidelines include: 

a. Study scope 

b. System requirements 

C. Lunar environment model 

d. Mission profile 

e. Design requirements and restraints 

3.1.2 STUDY SCOPE 

This is a study of power and life support systems and their thermal integration, as applied 

to a two man lunar roving vehicle with a 45 day active mission. 

The power systems consideredwere: 

a. Radioisotope Bray-ton Cycle 

b. Radioisotope Mercury Rankine Cycle 

c. High Temperature Fuel Cell 

d. Hydrogen-Oxygen Combustion Engine 

e. Hypergolic Combustion Engine 

21 



The life support and environmental control processes considered were: 

a. CO2 regeneration by the Sabatier method* 

b. Urine treatment by distillation and pyrolysis 

c. Waste water distillation 

d. Food preparation 

e. Cabin atmosphere cooling 

f. Electronic equipment cooling 

f3 life support equipment cooling 

h. Absorption refrigeration 

System designs of the roving vehicle were made for each of the power systems on both an 

integrated and a nonintegrated basis. Components were designed only to the extent of 

determining size and weight when data was not available from previous studies. Equipment 

arrangements were made to show compatibility with available volume. 

3.1.3 SYSTEM REQUIREMENTS 

The model for the lunar roving vehicle is the six wheel semiarticulated concept described in 

Reference 3-l. Some modifications were required because of the 45 day mission and other 

study requirements. 

3.1.3.1 System Specifications 

a. Nonintegrated Power Requirements. The maximum power to the power bus is 

6.0 kw. The load profile is shown in Table 3-l. 

b. Dormant Period. There is a 30 day dormant period on the lunar surface prior to 

crew arrival. 

*Cabin air is not regenerated to the extent of removing O2 from CO2 for vehicles powered 
hy a fuel cell or H-O engine. For these systems oxygen is provided from a power system- 
Hfe support stored supply; 
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C. Launch Environment. The vehicle is considered isolated from aerodynamic and 

solar fluxes. The isotope power systems will have exterior access for heat 

rejection. 

d. Lunar Environment. The lunar environment is based on the description in 

References 3-l and 3-2. The vehicle shall be active for 45 days. The location 

will be near lunar equator. 

e. Total Roving Vehicle Launch Weight. ’ 28,000 pounds. 

3.1.3.2 Cabin Description 

Figure 3-l depicts the IEV Cabin and the general equipment arrangement. 

a. Cabin volume - 245 ft3 from Reference 3-3. 

b. Cabin atmosphere (occupied) 

O2 partial pressure 180 mm Hg 

N2 partial pressure 180 mm Hg 

CO2 partial pressure 3.8 mm Hg 

H20 content 50% relative humidity 

Temperature 72’F 

Leak Rate 1 lb of atmosphere/24 hr period 

C. Dormant period cabin atmosphere 

O2 180 mm Hg 

(no N 2 , CO 2, or H20) 

Temperature minimum 60°F 

maximum lOOoF 

Leak Rate 0.5 lb/24 hr period 
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d. Airlock 

Volume 

Atmosphere 

Number of cycles 

Atmosphere Recovery 

80 ft3 

same as cabin when cabin is occupied 

120 during 45 day mission 

Down to 1 psia 

e. Thermal Properties 

Cabin heat flux - 76 Btu/hr. in for lunar day maximum 

428 Btu/hr. out for lunar night minimum (111% of 
Figure 11-4 of Reference 3-2) 

Cabin ECS radiator - as/e = 0.05/O. 84 

specific coating weight (0.15 lb/ft2) 
maximum area - as required, maximum width = 12 ft 

Internal cabin dissipation (from Reference 3-2 and power users) 

From LSS to liquid loop 3240 

From LSS to cabin air 3416 

From equipment to liquid loop 1636 

From equipment to cabin air 409 
4876 Btu/hr 3825 Btu/hr 

Dormant cabin electric heat load - 100~ (from RTC) 

3.1.3.3 Lunar Suit 

Design 

Atmosphere 

Power requirements 

Heat rejection 

CO2 removal 

Litton/Apollo %a.rdf’ type 

Same as cabin 

5Ow, continuous 

Uses 1.8 pamds H20/hour, supplied from cabin 

a) Regenerable cannisters processed by 

the cabin CO2 closed loop system 

power for hypergolic and isotope systems. 

b) Open loop sieve exhausting to vacuum for 

the H-O engine and fuel cell power systems. 
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3.1.3.4 Roving Vehicle Electrical Power 

a. Dormant vehicle RTG 

Power Output - 100 watts electrical (all dc) 

Location - On side of cabin (Reference 3-l) 

Radiation criteria (25 rem total, 50% contribution by radiation sources) 

b. Vehicle equipment power requirements 

Experiments (from Reference 3-1, 3-3) 

Life support (from Reference 3-2) and 

environmental control 

Lights 

Locomotion drive (6 motors) 

Navigation 

Communications and data management 

Suit battery charging 

c. Power profile 

200 to 3400 watts 

1749 watts (closed loop C02) 

965 watts (open loop C02) 

20 watts internal 

80-180 watts/external 

300-2300 watts 

(7kw momentary) 

140 watts 

140 to 340 watts (Reference 3-4) 

50 watts (2 suits) 

Figure 3-2 and 3-3 depict the rover power requirements for a six day period. 

Note that the profile repeats every three days. Table 3-l is a listing of the power 

requirements and the energy for the three day cycle. Section 3.1.5 describes the 

power users. 
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d. Power division 

l/3 28 volts 
dynamic systems 50% 28 volts 

Fuel cell 
2i13 400 Hertz 50% 400 Hertz 

e. Power Conversion Efficiencies 

Efficiency 92% 

Efficiency 

Frequency change efficiency 

Voltage regulation 

Battery charge/discharge efficiency 

87% 

91% From Reference 3-2 

90% 

70% 

3.1.4 LUNAR ENVIRONMENT MODEL 

The major elements of the lunar environment model are described in Reference 3-2. For 

the purposes of this study it has been assumed that the lunar roving vehicle is located in a 

dish shaped crater with the rim at a large distance (relative to the dimension of the vehicle) 

and 9 degrees above the radiator horizontal. In the aforementioned reference, mention was 

made of the fact that the lunar surface interacts with the vehicle and in particular the 

presence of the vehicle on the lunar surface tends to raise the local lunar surface temperature. 

For the purposes of this study, it is assumed that the moon’s surface is unaffected by the 

presence of the roving vehicle and that the moon’s surface acts as an infinite temperature 

sink. This premise has been made in view of the fact that the lunar rover is in motion 

part of the time. The assumed lunar surface temperature behavior is shown in Figure 3-2. 

The effective sink temperature is shown in Figure 3-3. The derivation for this effective 

sink temperature can be found in Appendix A. 

28 



Day 
1 

2 

3 

TABLE 3-l. ROVER POWER PROFILE (CLOSED LOOP C02) 

Time (Hr) 

2 

2. 

2 

4 

3 

5 

8 

Level 

2.25 

2.45 

4.65 

2.45 

4.65 

2.45 

2.15 

2.25 2.25 

5.25 10.5 

2.45 7.35 

4.35 8.70 

2.45 7.35 

4.35 4.35 

2.45 9.80 

2.15 17.2 

2.25 2.25 

5.85 17.55 

2.45 4.90 

4.65 13.95 

2.45 7.35 

4.65 9.30 

2.45 4.90 

2.15 17.2 

Average 

Kw-Hr 

2.25 

2.45 

9.3 

9.80 

13.95 

12.25 

17.2 

Accum Kwh 

2.25 

4.70 

14.00 

23.80 

37.75 

50.00 

67.2 Open Loop 1 
2.25 

12.75 

20.10 

28.00 

36.15 

40.50 

50.30 

67.50 I 49.5 Open Loop 
I 

2.25 

19.80 

24.70 

38.65 

46.00 

55.30 

60.20 

77.40 59.4 Open Loop 1 

1 
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3.1.5 MISSION PROFILE 

The various power users on the lunar roving vehicle have been arranged in the power 

profile, Figures 3-4 and 3-5, from a guideline mission standpoint. These users, their 

intervals and durations are as follows: 

Function 

Life Support Processes 

Locomotion 

Extravehicular Activities 

Experiments 

Lights 

Navigation- TV-Command 

Suit Pack Charging 

Power 
Level 

1746~ (closed loop) 
965w (open loop) 

7006w 

2309~ 

2466w (Night) 
1406w 

206w 
3206~ 

56w 

206w 

106w 

406w 

146w 

56w 

56w 

Duty 
Cycle 

Continuous 
Continuous 

Momentary at locomotion 
start 
5 hrs/24 hr period 

2 hr 1 every third 
3 hr ! 24 hr period 

5 hr/man/24 hr period 

Continuous, 
For 3 hours, once 
every 72 hour period 

Day locomotion and 
sleep period 
Extravehicular activity 
during day 

Day stationary 

Maximum night loco- 
motion 

Continuous during active 
periods 

During sleep periods 

19 Hours/24 hr period 
(When not in use) 

-~- 
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Figure 3-4. Roving Lunar Vehicle Power Profile-Closed Loop 
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Figure 3-5. Roving Lunar Vehicle Power Profile-Open Loop 



Function 

Communications, Telemetry, 
Data Management 

Sleep Time 

Power 
Level 

146w 

240~ 

346w 

Duty 
Cycle 

continuous 

During earth trans- 
missions or computer 
operations 

Both transmit and 
compute 

8 hr/24 hr period 

3.1.6 DESIGN REQUIREMENTs AND RESTRAINTS 

3.1.6.1 Vehicle Development and Launch Schedule 

The anticipated initial lunar use of the lunar rover is 1972. The equipment at the com- 

ponent and subsystem level is assumed to be manufactured in 1970. The development 

philosophy is to utilize current concepts for equipment design. 

3.1.6.2 Redundancy Requirements 

Critical components shall be duplicated for increased success probability. Alternatively, 

where two or more identical kritical” components are required by design, then 3 n 

components shall be incorporated. A critical component is defined as one that is nec- 

essary for astronaut survival. The necessary power to operate the life support equip- 

ment is of course also necessary for survivaL 

3.1.6.3 Isotope Source 

The primary power system isotope heat source shaIl be Pu238. Isotope fuel availability 

and cost are not investigated in this study. 
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The source, heat exchanger, and shielding are analyzed to the extent of determining 

weights and configuration. System considerations should be made for prelaunch and 

flight heat rejection. A prel iminary design of thermal control of the source during 

dormant and active lunar periods are made to determine size, weight and location 

requirements. The shielding requirements are based on the dose defined in Section 3.1.3.4 

as a maximum for a mission. 

The RTG secondary power source shall be analyzed and designed within the same con- 

straints. The combined radiation for the RTG and isotope sources shall be considered 

for shield design purposes for the cases when both appear on the roving lunar vehicle. 

3.1.6.4 Life Support System Equipment 

The life support equipment design is based on the two-man lunar shelter studied under 

NAS3-6478 (Reference 3-Z). 

An extravehicular suit (one for each man, 2 total) and its life support functions is incor- 

porated into the life support system. The carbon dioxide produced by the astronaut is 

processed to recover oxygen for the Brayton, Rankine and hypergolic power systems, 

and is removed from the air and exhausted from the vehicle for the hydrogen-oxygen and 

fuel cell power systems. The environmental control of the cabin air removes portions 

of the heat dissipated in both the life support equipment and the electronic equipment 

(Section 3-2). The average metabolic data for a 24-hour period (suit-5 hours, and cabin 

-19 hours) are as follows: 

Oxygen Consumption 

Water Allowance 

Food (dry) 

Carbon Dioxide 

Urine Water 

Fecal Water 

2. 78 lb Input 

9.32 lb Input 

2.00 lb Input 

3.39 lb output 

3.30 lb output 

0.37 lb output 
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Urine and fecal solids 

Respiration and Perspiration 
Water 

Metabolic Water 

Latent and Sensible Heat 

0.32 lb output 

6.70 lb chmlt 

1.05 lb (Produced) 

16,800 Btu (8, OOOBtu rejected in suit) 

3.1.6.5 Power System Design 

The hydrogen-oxygen, hypergolic and fuel cell Power systems design are based on 

information supplied by NASA. Equipment size and weight estimates are based on 

linear scaling for the two engines, and module additions for the fuel cell. In consonance 

with References 3-l and 3-3 concepts, the power system will be carried on a two-wheeled 

trailer module. Also from Reference 3-3, the basic trailer module is limited to 3000 

pounds, of which 600 pounds is basic mobility equipment and supports. For power systems 

weighing appreciably over 2400 pounds, an additional trailer module (s) will be required. 

The power required for each trailer module is 800 watts during locomotion and the 

clearance between the wheels will be 8 feet, 

The isotope power systems designs are to be based on the work conducted on NAS3-6678 

(Reference 3-2) where applicable. Scaling can be used for certain components to arrive 

at weights and sizes for the Rover application. The location and weight requirements 

for the chemical systems are slso,applicable to the isotope systems. 

Analyses are made to determine the peak power provisioning requirements, considering 

the desirability of power system equipment versus use of batteries. 

3.1.6.6 Heat Rej.ection 

Rejection of thermal energy from the cabin and power systems is analyzed. The chief 

method of rejection will be radiation. Suit cooling is by evaporation of water, while the 

water produced by the fuel cell and hydrogen-oxygen engines can be used for some peak 

load cabin cooling. 
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Radiator configurations for the lunar shelter studies on contract NAS 3-6478, Reference 

3-2,were re-examined in the light of roving vehicle requirements. Concepts with pro- 

mise are analyzed to determine suitable radiatorheat exchanger shapes, sizes and weight. 

The lithium bromide-water absorption refrigeration system studied in Reference 3-2 is 

to be applied to the lunar rover for rejection of cabin heat and compared with direct 

rejection methods. 

Radiator analysis shall consider the surface condition with 9 degrees shading. The 

shading is considered equivalent to placing the vehicle in a “dish” with the dish rim at 

that angle above the horizontal all around the vehicle (Section 3.1.4). 

3.1.6.7 Thermal Integration 

The life support and power system are examined following their design and life support 

electrical Power replaced with power system rejected heat, wherever possible. The 

integrated systems weight, shape and power requirements were determined. The 

philosophy was to use practical designs, emphasizing maximum utilization of the power 

source energy. 

3.2 SYSTEMS EVALUATION AND COMPARISON 

3.2.1 METHOD 

A goal of the study was to select a power system-life support system combination from 

the possibilities in the design guidelines with the selected system the one with the best 

merit for the two man 45 day lunar roving vehicle. Thermal intekation of the power 

and life support system provides both advantages and penalties to the vehicle so the 

approach was to study both nonintegrated and integrated vehicles. Fuel cells had 

previously been selected for the 14 day MOLAB mission and were regarded as the state- 

of-the-art power system for mobile lunar laboratories. Thus the fuel cell provides a 
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standard for comparison for the more advanced systems. Specific evaluation areas 

were: 

a. Gross electrical power requirement 

b. Vehicle power and energy utilization 

C. Qumtiiy of isotope 

d. Contribution to total vehicle weight 

e. Thermal integration Penalties to power and life support systems. 

f, Effects on vehicle configuration and performance 

g. Adaptability to evolving mission requirements 

h. State of system development 

Study and evaluation of cost were specifically excluded from scope of the study though 

cost is indirectly included in terms of weight, development and isotope quantity. 

With the applicable performance areas defined, a method of determining their relative 

importance and applying them to the different power systems on a common basis was 

required. Previous thermal integration studies (References 3-2 and 3-5) assigned a 

weight factor to each performance area and a Degree of Performance (DOP) for each 

power system in each performance area. The product of the weight factor and DOP was 

then the Performance Index (PI). The sum of the PI’s gave a Figure of Merit for the 

systems. Comparison of these Figures of Merit determined the best power-life support 

combination. This method was also used in this study to evaluate the different systems. 

The evaluation is shown in Table 3-2. Note that the PI had a mandatory zero minimum 

anda maximum for each performance area. 

3.2.2 SYSTEMS EVALUATION 

The weight factors and the DOP for each performance area are discussed in the following 

paragraphs. The hypergolic power system is. not included because of excessive weight. 

The data presented in Table 2-l is useful in the evaluation, since direct comparison for 

several of the performance areas can be made. 
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TABLE 3-2. SYSTEM EVALUATION WORK SHEET F’OR LUNAR ROVING VEHICLE (45-DAY MISSION) 

Nl = Nonintegrated 
INT = Integrated 
DOP = Degree of 

Performance 
PI = Performance Index 

PERFORMANCE 
AREA 

POWER SYSTEMS I 

WEIGHT HZ-o2. FUEL CELL BRAYTON FIANKINE 
FACTOR NI [ INT NI NI 1 INT NI INT 

DOPl PI 1 DOPl PI DOP] PI DOP 1 PI 1 DOPl PI DOPl PI 1 DOPl PI 

a. Electrical Power Required 6 ) 3 1 1 1 3 1 7 1 21 1 0 I- 0 1 1 1 21 

c. Isotope quantity I 5 10 ) 50 ) 10 ) 50 ) 10 ) 50 ) 4 ) 20 ) 6 1 30 ) 0 ) 0 ) 2 ) 10 

d. Power System Weight 7 0 0 3 21 5 35 10 70 10 70 10 70 10 70 

e. Thermal Integration Penalties 2 10 20 0 0 10 20 10 20 6 12 10 20 8 16 

f. Effects on Vehicle 
Configuration and Performance / 5 1 0 ( 0 1 1 / 5 1 3 1 15 1 6 / 30 1 7 / 35 ( 9 / 45 ( 10 / 50 / 

g. Adaptability to Evolving 
Mission Requirements 1 3 1 01 0 1 21 61-51 15 I10 I &-24/10)30) ~91 27 1 

h. System Development I 4 1 3 ) 12 1 0 ) 0 ) 10 1 40 ) 5 ) 20 ) 3 ) 12 ) 6 1 24 ) 4 ) 16 1 

I FIGURE OF MERIT 100 127 214 211 234 189 ] 216 ( 



3.2.2.1 Gross Electrical Power Requirement (Weight Factor = 3) 

This &&or is a measure of thermal integration in that an integrated system would 

require less electric power than one which is nonintegrated. It is also a measure of 

power system parasitic power and the required conditioning of the raw output to make 

it compatible with the rest of the vehicle systems. This is then a significant item in 

evaluation, although not the most important. 

The integrated hydrogen-oxygen engine with open-loop life support requires the least 

electrical power, 1.72 kw. Direct 400 Hertz generation of alternating current and 

variation of engine output to meet load demands directly are principal contributors to 

this system’s low power requirements. The next two systems are nearly equal, with 

the integrated Brayton system requiring 2.43 kw and the integrated Rankine system 

2.47 kw. The life Support SyStem requires slightly more power when a Brayton system 

is used, but the Rankine System must have its ac power conditioned prior to use. Both 

battery charging and CO2 processing (electrolysis of water) increase the power require- 

ments of these systems over the Hz-O2 engine. Each thermally integrated system 

requires less power than the nonintegrated systems. 

The nonintegrated Hydrogen-Oxygen engine supplies power more efficiently than the 

other nonintegrated systems for reasons identical to those for the integrated system; 

these are direct 400 Hz ac generation and variable output capability without penalty. 

The fuel cell, although combined with an open loop life support system (I.ss), required 

(I) dc to ac conditioning to produce ac for locomotion; (2) battery charging to accommo- 

date peak demands; and (3), parasitic power to maintain cell temperature. Its gross 

power of 3.15 kw ranks the fuel cell second in the nonintegrated category and fifth 

overall. The noninmgrated Brayton System ranks next at 3.51 kw. The electrolysis 

of water in the closed loop oxygen recovery system is the major additional contribution 

over that of the fuel cell. ‘Ihe nonintegrated Mercury Rankine system requires the ’ 

most power. Its ac to dc conditioning requirement elevates its gross power to 3.71 kw. 
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3.2.2.2 Vehicle Power and Energy Utilization (Weipht Factor = 3) 

This performance area is a measure of: (1) power system thermal efficiency; and (2) 

power system size reduction with thermal integration The chemical systems are 

truly energy limited because of fuel consumption, while the isotope systems are powered 

limited. Therefore, these two types of thermal sources are rated separately within 

this performance area, each against a zero to 10 scale, 

For the chemical systems the best system in this category is the fuel cell. Its high 

thermal efficiency of 0.44 is much greater than the Hydrogen-Ckygen Engine with an 

efficiency (including thermal heat to life support) of 0.31. The lowest scoring system 

in this category is the nonintegrated Hydrogen-Oxygen Engine, with an efficiency of 

0.22. (For a comprehensive numerical listing, see Table 2-l. ) 

The minimum source size for the isotopic power systems is the integrated Brayton 

cycle with a thermal eiYlciency (including life support thermal heat) of 0.20. Next in 

the rankings is the nonintegrated Brayton cycle with an 0.16 efficiency. The Mercury 

Rankine cycles follows; its integrated system efficiency (including life support thermal 

heat) is 0.10. This is followed by the nonintegrated Rankine cycle with an efficiency 
of 0.08. Higher efficiencies could be realized for both isotopic cycles if temperature 

and pressure constraints were removed. This study is conservatively oriented with 

stress placed on the use of developed hardware concepts. 

3.2.2.3 Isotope Quantitv (Weight Factor = 5) 

This criterion measures the amount of isotope required for use by the lunar roving 

vehicle power system. From available data (such as References 3-6 and 3-7) pu238 

is both scarce and expensive, making the amount required for a power system an 

important area for consideration. 
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The chemical systems all rate best in this category, since their isotope complement 

is less than 3000 watts, in the RTG. The integrated isotope Brayton system ranks 

next, with a 14 thermal kilowatt requirement (exclusive of the RTG). The nonintegrated 

Brayton cycle requires 18.5 thermal kilowatts, following the integrated system. The 

integrated and nonintegrated Mercury Rankine cycles require 29 and 36 thermal 

kilowatts respectively, and rank lowest in this category. It should be pointed out that 

radiation is not a primary consideration with the isotopes for this case. The majority 

of the 12-l/2 rem total dose for the 45 day mission comes from the RTG. By com- 

Frison the RTG dose for the 14~day MOLAB is 30 rem (Reference 3-7). 

3.2.2.4 @stern Weight (Weight Factor = 7) 

For launch considerations the significant factors are payload size and weight. Most 

present studies use $5,000 per pound as a working number for payload delivery to the 

lunar surface. The full capability of each Saturn V will be used to deliver equipment 

and supplies to the lunar surface, thus light lunar roving vehicles would be advantageous 

in providing additional space on the booster. 

Another weight-related factor is the bearing stress on the lunar surface. A heavier 

power system in this case means additional trailer modules to allow sufficient wheel 

bearing area. Because of the importance of system mass and because of the wide 

range between systems, this performance area was assigned a weight factor of 7. 

The integrated isotopic systems were found to be the lightest, the basic Brayton system 

weighing 1540 pounds and the Rankine system 1730 pounds. To these weights are added 

750 pounds of water for suit cooling and 600 pounds of locomotion equipment and 

structure to arrive at trailer module weights of 2890 pounds and 3080 pounds respectively. 

To obtain the contribution to total vehicle weight, 300 pounds of life support equipment 

in the cabin must be included. Since the number of trailers vary for the different power 

systems while the LSS weight is relatively constant, the weights hereafter referred to 

will all be trailer module weights. The next heavier systems were the nonintegrated 
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Brayton cycle and Rankine cycle, weighing 3190 lb and 3290 lb respectively. Previous 

studies have shown that the Rankine power system was considerably lighter than a 

Brayton powered system for the same application. Safety, re-entry integrity and 

criticality studies that have since been conducted indicate that weight is fairly dependent 

on heat source size (in thermal kilowatts). The Brayton cycle source is therefore 

lighter than the Rankine system because of the former’s higher thermal efficiency for 

these designs. Considering the chemical systems, however, the differences among 

isotopic systems are so small (maximum 400 lb) when compared to the large weight 

increase of the next system in rank (fuel cell at 6490 lb) that the isotopes can all be 

scored with a degree of performance of 10. The fuel cell power system weight was 

found to be 6490 lb, more than twice the Bray-ton or Rankfne cycle, so a degree of 

performance of 5 was assigned. The integrated Hydrogen-Oxygen engine was next at 

8730 lb and was rated with a 3. In last place was the nonintegrated hydrogen-oxygen 

engine at 12,500 lb. 

3.2.2.5 Thermal Integration Penalties to Power and Life ei ht 
Factor = 2) 

This performance area is to evaluate the penalties of thermal integration on the power 

and life support systems. Additional equipment is required to accomplish thermal 

integration and certain interdependences and modifications of controls are created by 

combining two systems. However, development of equipment would appear to be 

straightforward using conventional designs, so that thermal integration does not place 

a large penalty on any of the power systems and is of small concern to life support 

equipment. Hence, the relatively small weight factor of 2 was assigned to this 

performance area. Two methods of thermal integration are possible for the power 

systems considered, One uses flexible stainless steel woven hoses with an inner layer 

of Dupont H film to connect the trailer modules and the cabin. The other would use a 

heat pips from a boiler on the back surface of the D configuration 100 watt RTG mounted 

in the cabin. Both of these concepts are examined in Section 4.5. Use of the RTG 

would make the thermal integration independent of the power system as to the kind of 
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equipment required. It would only serve to reduce power system size. The use of flexible 

hoses has been the conventional concept of this study and the evaluation will be made on that 

basis. 

The nonintegrated systems receive a degree of performance of 10. The integrated rankine 

system ranked next because the amount of heat removed by the ISS is a small portion of the 

total, and the power system is not too dependent on this heat removal for operation since its 

rejection temperature is relatively high. The integrated Brayton power system ranked lower 

because the power system is more dependent on the thermal integration heat removed, and 

the lower available heat temperature is nearer to the lower limit required by the desorption 

of CO2 processing equipment. The integrated Hydrogen-Oxygen engine scored lowest in this 

category because connections were required between the three trailer modules and the cabin 

instead of just with a single trailer module. It also required life support equipment timed 

operation because the heat available during the sleep period is not sufficient to operate all 

processes at once. 

3.2.2.6 Effects on Vehicle Configuration and Performance (Weight Factor = 5) 

The various power systems, when applied to the lunar roving vehicle, create vehicle systems 

with different capabilities, despite efforts to provide power system design concepts which are 

equivalent from a mission standpoint. It is expected that a lunar rover with the greatest 

capability (range, speed, maneuverability, power, etc. ) would be most desirable to use. Two 

major considerations are the number of trailer modules and radiator size. This performance 

area was deemed to be important in determining the value of the different power systems and 

was therefore assigned a Weight Factor of 5. 

The system ranked first in this performance area is the integrated Mercury Rankine system. 

It requires but one trailer module and has the minimum radiator area. The nonintegrated 

Rankine power system follows with still one trailer, but an additional 30 square feet of 

radiator area. The integrated and nonintegrated Brayton systems ranked next, with degrees 

of performance of 7 and 6. Only one trailer module is required, but with radiator areas much 

larger than the Rankine system is. The next power system is the fuel cell with a degree of 

performance of 3 because of its two trailer module requirement. The integrated and non- 
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integrated Hydrogen-Oxygen engine systems are ranked last, because they require 3 and 4 

trailer modules respectively. 

3.2.2.7 Adaptability to Evolving Mission Requirements (we&# Factor = 3) 

This performance area measures the ability of the power system to: 

a. Operate in different profile modes 

b. Operate for periods longer than those required for a single 45-day mission 

c. Shutdown and restart abilities 

All of these factors are important for flexibility of the lunar base roving vehicle complex. / 
This study, however, is limited to a single 45-day mission with a specific estimated power 

profile, so these considerations were de-emphasized by assigning a Weight Factor of 3. 

The nonintegrated isotopic systems are ranked highest in this area because: 

a. The power system can operate for a long time. (Most equipment designed is for 

10,000 hour minimum life. ) 

b. Restart after dormancy has been demonstrated many times. 

c. The life support system operates with electric power, and the power system is 

independent of the LSS. 

The integrated Mercury Rankine and Brayton power-life support combinations rank next 

for the same reasons as above, except that thermal power is supplied to the life support 

systems. The integrated Brayton System ranks slightly behind the other systems because 

of the dependence on the LSS for removing heat. 
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The fuel cell was given a degree of performance of 5. The lower score is based on the life 

limits of the cells themselves (which are not proven for beyond the 45-day mission) and the 

100 pound-per-day weight penalty for extending the mission. The cells must also be main- 

tamed at some elevated temperature during shut down; or the startup energy requirements 

are high, and the warmup time will be extended. The fuel cell is somewhat more capable 

of handling fluctuating loads at the expense of specific fuel consumption. The Hydrogen- 

Oxygen Engines (integrated and nonintegrated) were ranked last because of their limited 

life expectancy. 

3.2.2.8 State of System Development (Weight Factor = 4) 

The power systems studied in the contract are in stages of development ranging from 

feasibility studies and demonstration to flight qualification and operation. This performance 

area measures the status of each system in terms of development time (and cost) required. 

A Weight Factor of 4 is assigned to this area. 

The life support equipment is essentially common to all combinations under consideration 

and consequently can be left out in determination of degree of development. Most of the 

processes have operated at the laboratory level. Two areas needing further development 

are methane pyrolization and the magnesium oxide system for CO2 removal. The integrated 

systems are arbitrarily graded as less developed than the nonintegrated systems, because 

the work has not actually been carried out to prove design concepts through testing. 

The fuel cell is the power system in the most advanced stage of development. Low temper- 

ature cells have operated successfully on manned Gemini flights. Although the high- 

temperature cells have not been flight proven, they could be replaced (without significant 

differences) by low temperature units, should the need arise. 

The Rankine power system. equipment is next most advanced in development. Turbo 

machinery and auxiliary equipment have been extensively tested by TRW. The direct 

boiling of mercury in the source is not anticipated to be a design problem. Condensing 



radiator flow stability is simplified with the presence of lunar gravity; orientation should 

be consistent enough so tbat droplet collection would always occur at the condensed end. 

The Brayton cycle ranks next; equipment is under test at present. Gas turbine history has 

been excellent. Based on that experience Brayton cycle problems that may occur in develop- 

ment should be straightforward. Intermediate loop heat removal from the isotope source 

should provide as reliable a method as the previous direct gas exchange examined on 

NAS 3-2799 and NAS 3-6478. 

The H2-O2 engine (ranking last) has operated, but not on long-duration runs. Oxidizer 

injection is critical and an operating problem. Lubrication and its contamination of exhaust 

products is another area requiring further work. The device is small, and concurrent 

development utilizing several operating engines would probably not be unduly expensive. 

3.2.3 INTEGRATED SYSTEMS SELECTION 

The resulting integrated-systems combination with the highest Figure of Merit is integrated 

Bray-ton-closed life support. Its Figure of Merit is 234, compared with the integrated 

R&ne cycle Figure of Merit of 216. The significant advantages of the Brayton cycle over 

the Rankine cycle are its higher thermal efficiency (for this application) and its resulting 

lower isotope requirements for a heat source. The integrated Brayton cycle scores higher 

than the nonintegrated Brayton cycle because of: 

a. Reduced electrical power requirements 

b. Increased thermal power utilization 

c. Reduced isotope requirements 

The Rankine cycle is a major source of electrical power on earth and has high thermal 

eficiencies in these applications. If future technoldgies are able to improve the thermal 

efficiencies of the Rankine system in the 2-3 kw range, then it might prove the equal of a 

Brayton system in an evaluation similar to the one conducted in this study. 
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The integrated Hydrogen-Oxygen Engine, although an improvement over the nonintegrated 

system, ranked lower than the isotopic systems. Weight and adaptability were major short- 

comings of this system for the 45-day mission. 

3.2.4 INTEGRATED SYSTEM - FUEL CELL COMPARISON 

Both the integrated Ranhine and Brayton systems ranked above the fuel cell system in the 

Figure of Merit rating so both were included in this comparison. Performance in the areas 

of-weight, electrical power requirements, and radiator area is as follows: 

Power System 
and Life Support 

System 

Fuel Cell and 
Open Loop 

LSS 

Integrated Brayton Integrated Ranking 
and Closed Loop and Closed Loop 
Life Support System Life Support System 

Figure of Merit 

for 45-day Mission 

214 234 216 

Weight (lb) 6674 3208 3386 

Total Radiator 

Area (sq ft) 

230 379 267 

Electrical Power 

Requirements (kw) 

3.15 3.43 2.47 

The most significant difference in the systems is the larger weight of the fuel cell system 

which results from the fuel storage requirements. Using the above criteria the integrated 

isotope systems are superior to the fuel cell. 

The fuel requirement for the fuel cell is a function of the length of the mission and, as 

shown in Figure 2-1, the relative merits of the systems is time dependent. Tables 3-3 

and 3-4 contain the evaluations made for 22-day and SO-day missions. For the go-day mission 

the fuel cell system weight included approximately 11,000 pounds of fuel which makes this 

system unattractive for this application. 47 



TABLE 3-3. SYSTEM EVALUATION WORK SHEET FOR LUNAR ROVING VEHICLE (22-DAY MISSION) 

POWER SYSTEMS 

PERFORMANCE WEIGHT 
AREA FACTOR H2-02 FUEL CELL BRAYTON RANKINP 

NI INT NI NI INT NI ;x1’ 

DOP PI DOP PI DOP PI DOP PI DOP PI DOP PI DOP PI 

a. Electrical Power Required 3 8 24 ,lO 30 3 9 1 3 1 21 0 0 7 21 

1) Energy 3 0 0 5 15 10 

2) Power 18 10 30 0 0 2 6 

c. Isotope Quantity 5 10 50 10 50 10 50 4 20 6 30 .O 0 2 10 

4 CD d. Power System Weight 7 0 0 5 35 9 63 9 63 10 ‘70 9 63 10 70 

e. Thermal Integration Penalties 2 10 20 0 0 10 20 10 20 6 12 10 20 8 16 

f. Effects on Vehicle Configuration 5 0 0 2 10 10 50 5 25 6 30 8 40 9 45 
and performance 

g. Adaptability to Evolving 3 0 0 3 9 5 15 10 30 8 24 10 30 9 27 
Mission Requirements 

h. System Development 4 3 12 0 0 10 40 5 20 3 12 6 24 4 16 

FIGURE OF MERIT 106 149 277 199 229 177 211 

NI = Nonintegrated 
INT = Integrated 
DoP= Degree of 

Performance 
PI = Performance 

Index 



TABLE 3-4. SYSTEMEVALUATIONWORKSHEET FORLUNARROVINGVEHICLE (90-DAYMISSION) 

I 
I L 

PERFORMANCE / WEIGHT / H--O- I FUEL CELL I BRAYTON RANKINE 

I 
-I 

AREA 

a. Electrical Power Required 

b. OveraU System Utilization 

1) Energy 

FACTOR 2, z 

NI INT NI NI 

DOP PI DOP PI DOP PI DOP PI 

3 4 12 10 30 2 6 2 6 

Effects on Vehicle Configuration 
and Performance 

h. System Development 4 2 0 0 0 10 40 6 24 

FIGURE OF MERIT 90 104 193 218 

NI = 
INT = 
DOP = 

PI = 

INTI NI 1 IliT 

DOP / PI 1 DOP 1 PI ’ DOP 1 PI 

lo ) 30 ) 0 0 1 2 / 6 

6 1 30 / ‘0 1 0 / 2 1 10 

Nonintegrated 
Integrated 
Degree of 

Performance 
Performance 

Index 
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SECTION 4 

LIFE SUPPORT SYSTEMS 

4.1 INTRODUCTION 

Closed cycle life support processes, where oqgen and water are reused several times. 

by astronauts, offer advantages for long term missions. This process equipment requires, 

in general, heat energy to function. For this study, equipment sized for two men and used 

in a lunar roving vehicle is of particular interest. Initially, analyses are required to 

develop design concepts and arrangements for the two-man roving vehicle application. Then 

the endothermic power requirements for the closed cycle equipment are identified as to 

temperature level and amount of heat. The process equipment is re-analyzed to determine 

the effects of using available waste heat from the electrical power system. The final result 

is nonintegrated and integrated system designs. 

4.1.1 SUBSYSTEMS AND SYSTEM COMBINATIONS 

Life support subsystems considered. for the lunar roving vehicle consist of: 

a, Cabin atmosphere cooling during dormant and active periods. 

b, Carbon dioxide removal from the cabin atmosphere by the Sabatier process. 

Recovery of the oxygen by the Sabatier method is not required when the vehicle 

utilizes a hydrogen-oxygen fuel cell or H-O engine power system. The amount 

of oxygen used to produce process power would exceed the amount of oxygen 

used directly by the men. The carbon dioxide produced by the suited men, 

when they are outside on the lunar surface, is collected and returned to the 

vehicle for processing (when oxygen recovery is utilized). 

C. Water recovery from urine by distillation and pyrolysis. 
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d. Watter recovery from wash water by distillation. 

e. Food preparation. 

Solid waste management will consist of a bag type apparatus which is assumed to not affect 

the vehicle power requirements. 

The four system categories to be considered are: 

a. Nonintegrated system without axygen recovery. 

b. Nonintegrated system with oxygen recovery. 

c. Integrated system with oxygen recovery. 

This investigation will consider, in addition to active cabin operation, dormant period thermal 

control and transient periods such as start-up. The detailed calculations for analyses 

conducted in this section may be found in Appendix B. 

4.1.2 GUIDELINE INFORMATION 

Crew Size: 
Mission Length: 
Dormant Period: 
Transit Period:. 
Cabin Pressure: 
O2 Partial Pressure: 
N2 Partial Pressure: 
CO2 Partial Pressure: 
Relative Humidity: 
Normal Cabin Temperature: 
Ventilation Rate-C abin: 
Ventialtion Rate-Suit: 
Suit Pressure Drop: 
Cabin Volume: 
Man Lock Volume 
Egressions: 

Time in Suit: 

Two men 
45 days 
30 days after Lunar Landing 
3 days 
360 mm Hg (normal) 
180 mm Hg 
180 mm Hg 
3.8 mm Hg 
50% 
720F dry bulb 
35 CFM/Man 
50 CFM/Man* 
5.0 inches W. G. @ 360 mm Hg 
245 cu ft 
8Ocuft 
120 in 45-day mission. Both 
men will exit together for 
5 hours per day. 
450 hours total. 

*During minimal work while in suit. However when the backpack is utilized, liquid cooled 
under garments are utilized to remove metabolic heat. 
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Each crew member will occupy the cabin for 19 hours and the suit 5 hours per day. There- 

fore 79.2% of the time will be at normal metabolic output and 20.8% of the time will be at a 

substantially higher metabolic output. The overall average metabolic data per man day is 

as follows: 

Oxygen Consumption 
Water Allowance 
Food Pry) 
Carbon Dioxide 
Urine Water 
Fecal Water 
Urine and fecal solids 
Respiration and Perspiration water 
Metabolic Water 
Latent and Sensible Heat 

2. ‘78 lb 
9.32 lb 
2.00 lb 
3.39 lb (1) 
3.30 lb 
0.37 lb 
0.32 lb 
6.70 lb (2) 
1.05 lb 
16,800 btu (3) 

a. Approximately 1.55 lb is produced while man is in the suit. 1.84 lb is collected 

in the cabin. 

b. Assumes that this water is collected in the suit and returned to the cabin system. 

o. Approximately 8,000 btu will be dissipated while man is in suit. 8,800 btu is 

rejected to the cabin environmental control system. 

A possible overall man-day water balance is shown in Figure 4-l. Note that water recovery 

efficiencies are given since the water balance in the lunary roving vehicle is more critical 

than for the MORL type vehicle or the lunar shelter. This is due to the large amounts of 

water consumed in the pressure suit back-pack for thermal control. The thermal control 

evaporates approximately 1.8 pounds of water per hour per man. 

Gas Inventory Requirements 

Open Loop Systems 

Oxygen 

Nitrogen 

Weight 

348 lb 

48 lb 
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6.70 
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Figure 4-l Possible Man-Day Water Balance - 19 Hours in Cabin and 5 Hours in Suit 



Gas. Inventory Requirements (cont’d) 

Closed Loop Systems 

Oxygen 

Nitrogen 

4.1.3 SUIT AND BACK-PACK DESCRIPTION 

Weight 

80 lb 

48 lb 

When the men exit from the lunary roving vehicle they will encounter probably the harshest 

environment to which man has yet been exposed. These include: 

a. Both extremes of temprature. 

b. Ultra low pressure 

C. Full intensity of solar flux. 

d. Cosmic radiation 

e. Meteroid particles 

f. Rugged terrain. 

Two types of pressure suits are being developed to protect the men from these environments: 

a. “SofV’ suits which consist of: 

1. Undergarment with cooling coils 

2. Flexible pressure garment 

3. Helmet, boots and gloves 

4. Thermal insulation overgarment 

5. Micrometeroid protective garment 

6. Backpack portable life support system 
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b. rrHardt’ suits which consist af: 

1. Undergarment with cooling coils 

2. Rigid pressure garment with helmet boots and gloves attached 

3. Back pack portable life support system. 

The “hard” suit was selected for this study because of the inherent safety feature of metal 

construction. Also the suit requires less physical effort for mobility, has fewer accessories 

and may be operated at higher internal pressures if desired. Both types utilize a similar 

back pack. 

a. The back pack portable life support system provides: 

1. Environmental gas circulation and cooling 

2. Oxygen for breathing 

3. Liquid coolant circulation thru undergarment and cooling 

4. Carbon dioxide control 

5. Condensation and collection of metabolic water vapor 

6. Emergency oxygen supply 

Cooling for both the gas and coolant circuit is provided by an evaporative heat exchanger. 

Water is utilized as the expendable refrigerant and removes approximately 1000 btu per 

pound of water evaporated. The 1800 btu hr suit heat load consists of metabolic, electrical, 

solar flux and heats of absorption or adsorption of carbon dioxide. Water is evaporated at a 

rate of 1.8 pounds per hour to provide cooling. 

The oxygen for breathing may be stored either cryogenically, super critically or at a high 

pressure. The lightest weight and smalles volume is the high pressure system which meters 

oxygen into the suit as required via a demand type pressure regulator. 
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Carbon dioxide may be either collected and stored or collected and jettisoned depending 

on whether oxygen recovery from the carbon dioxide is required. An absorption type system 

(molecular sieves) is utilized for merely collection and venting of the carbon dioxide. How- 

ever when the carbon dioxide is to be collected and stored a more efficient absorption method 

is utilized. 

The metabolic water is condensed in the evaporative heat exchanger and is collected and 

stored in wicks or sponges. A transpiration type evaporative heat exchanger may possibly 

utilize the metabolic water for cooling. 

Emergency oxygen is provided to supplement the normal supply in emergencies such as 

component failures or extreme leakage of the suit. 

4.2 DORMANT PERIOD ANALYSIS 

Following vehicle launch from the earth’s surface, cabin environment control must be pro- 

vided through a 3-day flight and 30 days on the lunar surface, while the main power system 

is dormant. A 100 watt radioisotope thermoelectric generator supplies 100 watts to the 

cabin for vehicle maintenance activities. These activities include telemetry monitoring, 

communications, experiment maintenance, and pumps and fans for environment control. 

The method of control and its power requirements are described in the following paragraphs: 

4.2.1 REQUIREMENTS AND ASSUMPTIONS 

The following list represents the factors on which the dormant period analysis was conducted: 

a. The worst case dormant period consists of: 

1. 3 days in transit between earth launch and lunar landing. 

2. 15 days exposed to the lunar day. 

3. 15 days exposed to the lunar nite. 
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Figure 4-2 Block Diagram for Thermal Control During Dormant Period 
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b. tiring the s-day transit period, there will not be an influx of solar heat. 

c. Natural convection in the lunar environment isnegligible. 

d. The internal cabin temperature is maintained between 60 and lOOoF. 

e. The internal cabin pressure is maintained at 180 mm Hg pure oxygen. This 

arrangement permits forced convection thermal control, a lower pressure to reduce 

leakage and does not require auxiliary pressure controls for the dormant period. 

The same oxygen partial pressure sensor is thus utilized for both the dormant and 

active period. 

f. All the loo-watt radioisotope thermoelectric generator (RTG) power is eventually 

dissipated as heat to the cabin. 

I3 The manlock is closed and has no active temperature or pressure control. Passive 

thermal control will possibly be provided by conduction through the walls. 

h. A blower will circulate the cabin atmosphere to minimize hot spots, e. g., electrical 

components. See Figure 4-2. 

4.2.. 2 TRANSIT PERIOD 

During the three-day (72 hr) transit, the loo-watt RTG will release 7200 watts to the cabin. 

It is assumed that a shroud is employed during this period, thus the radiators cannot be 

depended on to reject this heat. The cabin has an assumed heat capacity of 800 btu/‘F. The 

temperature rise will then be in the order of 30°F for the three days and some local heating 

problems may occur. Utilization of the dormant period fan will alleviate hot spots but the 

total energy could still create some problems. It has been postulated that a ground takeoff 

average temperature of 75’F is probable. To stay beneath the lOOoF limitation, approximately 

4 pounds of water in a flash boiler heat exchanger will suit the needs (see Figure 4-2.) This 
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boiler is also a possible extreme condition or emergency safeguard when the cabin is 

occupied. Details can be found in. Appendix B. 

4.2. .3 LUNAR DAY 

The maximum lunar day heat load is 100 watts electrical from the RTG and 20 watts heat 

leakage through the cabin walls. Using 180 mm Hg oxygen as a dormant period pressurant, 

it is found that 38 cfm flow will. suffice to remove this heat energy with a gas A t of 90’F. 

The electrical power required will be 9 watts for the fan and 3 watts to circulate the liquid 

through the radiator. A more complete treatment of this analysis can be found’in Appendix B. 

4.2.4 LUNAR NIGHT 

The cabin heat loss through the walls exceeds the RTG electrical energy input by about some 

20 watts (maximum just prior to lunar dawn). This low level loss can be accounted for 

within the allowable temperature limits, or some RTG thermal heat could be utilized for 

temperature maintenance. 

4.3 NONINTEGRATED SYSTEM WITH NO OXYGEN RECOVERY 

Figure 4-3 illustrates the Life Support System block diagram for a nonintegrated (thermal) 

system in which oxygen is not recovered from the carbon dioxide. 

Required quantities of oxygen are available from the hydrogen-oxygen fuel cell or combustion 

engine power system. Oxidizer stroage tunks note that the coolant pump and cabin atmosphere 

blower for the dormant period are included in the diagram. 

4.3.1 CABIN ENVIRONMENTAL CONTROL 

The cabin atmosphere consists of 180 mm Hg oxygen, 180 mm Hg nitrogen and small amounts 
\ 

of carbon dioxide, water vapor and trace gases. The blower circulates the cabin atmosphere 

through a particulate matter filter and then a heat exchanger which removes the required 
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Figure 4-3 Block Diagram of Open Loop Nonintegrated Life Support System 



latent and sensible heat. Most of the cooled and dehumidified atmosphere is returned 

directly to the cabin. The liquid coolant in the heat exchanger is a heat transport medium 

which is circulated to an external radiator where the heat is rejected to the spatial heat sink. 

The atmosphere and coolant circulation is critical to the crew survival, consequently a 

redundant blower and pump are provided. A bypass odor and trace gas control is located on 

the gas exit line of the heat exchanger. The odor control consists of the bed of activated 

charcoal which absorbs heavy hydrocarbons, e. g., mercaptans, indole, phenol, body odors, 

cooking ordors, etc. The trace gas control consists of a catalytic oxidizer (burner) which 

oxidizes carbon monoxide, hydrogen, ozone and methane into products such as carbon dioxide 

and water which are easily removed and controlled. The oxidizer is heated electrically and 

requires approximately 50 watts of power. 

Bacteria floating or suspended in the cabin atmosphere are controlled by a germicidal lamp 

located in the air duct. The ultraviolet energy emitted from the lamp hills a large percent- 

age of the bacteria in the atmosphere flow. The lamp continuously consumes approximately 

30 watts of electrical power. 

Since the men will don their suits for emergency conditions or may wear them between stops 

during the locomotion part of a “day” (24-hour period), a flow rate of 20 cfm (at 360 mm Hg) 

through an air hose is required to cool each suited man. The flow has a pressure drop of 

4 inches water gage. These figures are calculated for routine duties in a pressure suit at 

300 btu/hr sensible heat load. The latent heat load is easily handled by the flow. For 

simplicity and ease of flow control, each suit has its own blower. However, for redundancy 

the two suit circuits may be valved together so that one blower provides flow for both suits. 

Considering an overall small blower efficiency of 25 percent each blower will consume 

approximately 10 watts while operating. 

The condensate in the cabin heat exchanger collects at a rate of approximately 13.4 lb/day 

(4.2 ml/mill). 

The condensate is continuously pumped by a small (1 watt) pump through a filter which con- 

tains a bacterial filter, activated charcoal and ion exchange resin to produce potable water. 
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Table 4-l delineates the impurities found in a typical heat exchanger condensate from a 

closed environment manned test. Also the equivalent weight of anions and cations are 

shown. The cations are the goverining ions and subsequently, they are used to size the 

filter bed. Amberlite MB-3, a mono-bed exchange resing is ideal for this application. It 

is a mixture of strongly acidic cation and strongly basic anion exchange resins. The resins 

insure that the acid formed by initial contact of a salt with a particle of cation exchange is 

immediately neutralized by the neighboring particles of anion exchanges. This maintains a 

neutral pH in the eMuent water. This resin contains a small amount of indicator on the 

anion exchanger, thereby gives a visual indication of exhaustion of the resin. As the 

deionizing capacity of the resin is exhausted, the color of the bed changes from a blue-green 

to a yellow-brown color. The amount of resin required is calculated below: 

TABLE 4-l. TYPICAL CABIN HEAT EXCHANGER CONDENSATE IMPURITIES FOR 
MANNED SYSTEMS** 

Ammonia 
as N ppm 

Alkalinity 
CaCo3 ppm 

Sulfate 
as SO4 ppm 

Chloride 
as Cl ppm 

PH 

Sp Cond. 

Phenol, ppm 

Solids, ppm 

6.0 

24 0.48 0.48 

0.8 0.017 

0.5 

6.7 

50 

0.580 

4 

meq Anion* 

--- 

0.028 

--- 

--- 

-em 

meq Cation* 

0.35 

0.0002 

-mm 

0.525 0.8302 

* Equivalent weights based on 1 liter of water. 

**Analysis by Betz Laboratories, Inc. for condensate from 2-man 15-day closed environment 
test at the General Electric Company 
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Based on Rohm & Hass literature: 

0.830 meq 0.69 gm/ml 
liter 

X 
0.46 meq/ml = 

1.25 gm MB-3 
liter H20 

Assume bed is 80% efficient: 

1.26= 
0.80 

1.5 gm ME3 per liter of water processed 

For the above process rate of 13.4 lbs. per day, approximately 0.91 pounds of resin are 

required for a 45 day mission. 

Activated charcoal is required to remove the Phenol in the water. Based upon 1 liter of 

H20, 0.58 x 10 
-3 gm phenol will require 1.70 x 10 

-3 
grams charcoal (Barneby-Cheney type 

PC-5 33% capacity). For the above process rate of 13.4 lb per day, approximately 0.001 

pounds of charcoal are required for a 45-day mission. 

The 4 x 10 
-3 

gm of solids may be readily removed along with bacteria by filter media such 

as manufactured by Pall Corporation. The filter is sized by the 0.3 micron filtration require- 

ment for bacteria. 

The resin and the charcoal are mixed to reduce packaging problems. The filtered water is 

pumped directly to the potable water storage containers. 

4.3.2 CARBON DIOXIDE REMOVAL 

A small amount (6.67 cfm) of the cabin atmosphere flow is diverted from the cabin heat 

exchanger to the carbon dioxide removal section. The process gas is removed from the heat 

exchanger since this gas has the smallest amount (weight) of water vapor. The process gas 

is then passed through a desiccant bed of silica gel which absorbs the water vapor such that 

’ the gas has a dew of -4OOF. The absorption process is exothermic, consequently a coolant 
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flow is provided to cool the canister. The cooling also maintains the efficiency of the 

desiccant. The gas is then cooled to approximately 40°F in a gas to liquid heat exchanger 

and is passed through a carbon di&de absorbing canister containing molecular sieve 

material. The rpocess gas is first dried by the desiccant since the molecular sieve has a 

preferential affinity for water vapor. The sieve will not absorb the carbon dioxide if large 

quantities of water are contained in the process gas. The carbon dioxide absorption process 

is also exothermic but the low flow and the cooled gas permits the canister to dissipate 

sufficient heat to the gas flow to maintain a reasonable collection efficiency. The process 

gas is circulated through the carbon dioxide removal subsystem by a blower which continu- 

ously consumes 14 watts of electrical power. Since this blower is critical to the survival 

of the crew, a redundant blower is provided. 

The subsystem is arranged so that a desiccant and a molecular sieve canister are absorbing 

while a second canister of each material is being desorbed and readied for its abosroption 

cycle (see Figure 4-4). The alternate absorbing/desorbing cycle of each canister permits 

continuous removal of carbon dioxide. The processed and reconditioned gas which exits 

from the carbon dioxide absorbing canister is then passed through the desorbing desiccant 

canister. Since the processed gas is very dry, the gas readily removes the water from the 

desiccant when the canister is heated. The humidified and heated gas is returned to the 

cabin heat exchange in nearly the same condition as it entered the subsystem except the 

temperature is higher and the carbon dioxide is removed. 

While the desiccant is being rejuvenated, the second molecular sieve canister is being 

purged of carbon dioxide. This is accomplished by isolating the canister and venting it to 

spatial ‘vacuum. 

The desorption of the sieve is an endothermic process. If no heat is added to the sieve 

while the sieve is desorbing, the sieve temperature will drop until the desorption process 

virtually stops. If the process is to be completed efficiently, heat must be added to the 

sieve to assure desorption. The major thermodynamic problem involved is the transfer of 

heat to the sieve material since the heat must be conducted through a random arrangement 
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I DESICCANT CANISTER 
2 GAS HEAT EXCHANGER 
3 DESICCANT CANISTER 
4 BLOWER 
5 REDUNDANT BLOWER 
6 MOLECULAR SIEVE CANISTER 
7 MOLECULAR SIEVE CANISTER 
8 HEAT EXCHANGER 
9 CONDENSATE TANK 

10 HEAT EXCHANGER 
(THERMALLY INTEGRATED 

SYSTEM ONLY 1 

Figure 4-4 Carbon Dioxide Removal System 
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of sieve pellets (a poor conductive path). A recent development by General Electric permits 

rapid heat transfer to the sieve material and thus requires a lower temperature energy 

source. Also, since the carbon dioxide is not recovered in this system, lower (spatial 

vacuum) pressure is utilized to desorb the sieves and lower temperatures are required. 

Figure 4-5 illustrates the 25OC (78’F) isotherms for type 4A and 13 X Molecular Sieves. 

Establishing of a 3.0 mm Hg CO2 partial pressure design valve and a 0.1 mm Hg desorption 

pressure permits a 4.4 and a 4.2 delta desorption percentage (respectively) by weight. Both 

sieve materials have approximately the same properties in this operating range, however, 

the 13 X material approaches complete desorption (zero percentage C02) at a higher pressure 

and the rate of desorption is more rapid at the lower pressures. Consequently the 13 X 

Molecular Sieve material is selected as the carbon dioxide absorption material. During 

normal desorption, electrical heaters are utilized to only maintain the sieve at cabin 

temperature, thus a minimum of electrical power is required.. Also once a day the sieve 

is heated to 400-600’F to expel all sieve contaminants which degrade performance. The carbon 

dioxide production rate is 1.84 pounds per man for the 19 hours in the cabin, or about 0.2 lb/hr. 

The adsorption/desorption cycle duration selected is one hour. 

With a 50 percent sieve bed absorption efficiency (and a 4.2 percent absorption delta percentage) 

the canister size required will be 9.5 pounds for one half hour of continuous operation adsorption 

Two canisters are used, one in operation and one desorbing at all times. 

4.3.2.1 Carbon Dioxide Absorption Cycle Cooling 

The sieve absorption process is exothermic at a rate of 300 btu/lb of carbon dioxide absorbed. 

Cooling is provided by the cooled process gas flow at a rate of 60 btu/hr to assure high 

absorption efficiency. 
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4.3.2.2 Carbon Dioxide Desorption Cycle Heating 

It is assumed that the canister is at 78’F at the completion of the absorbing cycle. Electri- 

cal heat is provided to maintain this temperature during the endothermic desorption cycle. 

.The endothermic power requirement is the same as the exothermic power of 60 btu/hr 

(18.0 watts). Once a day the canisters are heated to 400’F to expel sieve contaminants. 

Assuming a total two canister weight of 25 pounds (19.0 sieve plus 6.0 shells) at an average 

specific heat of 0.25 btu/lb OF the electrical power requirement is 600 watts, the total 

average power is 18 watts + 24 6oo = 43 watts . 

4.3.2.3 Water Vapor Absorption Cycle Cooling 

The silica gel desiccant absorption process is exothermic at a rate of approximately 

1300 btu/lb of water vapor absorbed. If the process gas temperature is to remain low then 

the heat of absorption is removed by a glycol cooling coil. For the by-pass flow selected of 

6.67 cfm, 0.231 pounds of water will be collected per hour. 

The amount of exothermic process heat is then: 

1300 btu 0231 lb 
lb Xhr 

= 300 btu/hr (about 89 watts) cooling 

An additional 11 watts per hour of heat is removed to achieve a gas temperature of 40’F. 

The carbon dioxide absorption process adds 18 watts to the process gas flow and the blower 

adds 14 watts for a total of 32 watts. This raises the gas temperature 30° and the process 

gas enters the desorbing desiccant canister at 70’F. 

4.3.2.4 Water Vapor Desorption Cycle Heating 

The silicon gel regeneration (desorption) cycle is au endothermic process. Figure 4-6 shows 

the adsorption/desorption isotherms for silica gel. A 25 percent delta desorption (by weight) 
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is used and an absorption efficiency of 25 percent is assumed. For a one hour cycle, the 

two silica gel beds weigh 3.7 pounds. 

The total weights of the two canisters is assumed to be 6.0 pounds (3.7 lb gel and 2.3 lb 

shells) and the average specific heat to be 0.25 btu/lb OF. The temperature rise is 180°F 

and approximately 80 watts of electric power is required for operation. 

The desorption process also required the addition of 89 watts (same as absorbing cycle) to 

remove the water from the gel. In addition, the process gas flow is heated to the higher 

temperature; which requires 195 watts. 

In summary, the total average power requirement to regenerate the disiccant is 364 watts. 

Canisters 80 watts 

Description 89 

Clas Flow 195 
Total 364 watts 

The hot humid air which exits from the desiccant canister is cooled and dehumidified in a 

gas to liquid heat exchanger. Approximately 80 percent of the latent and sensible heat (290 

watts) contained in the air is transferred to a liquid collant loop. The remaining heat (74 

watts) is vented to the cabin atmosphere with the air flow. The liquid coolant is pumped by 

redundant 5 watt pumps to a radiator heat sink. The coolant enters the radiator at llO°F 

and exits at 40°F to the heat exchanger. When the humid air enters, the heat exchanger is 

cooled and water is condensed. This water flows to a condensate tank by the lunar gravita- 

tional force and is pum&d to the condensate filter for processing. 

4.3.3 WATER RECOVERY 

The water recovery system consists of all equipment necessary to store and process the 

urine and wash water. A possible equipment arrangement is shown in Figure 4-7. Each 

crew member will occupy the cabin for 19 hours and the suit 5 hours per day. 79.2 percent 
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I URINE STORAGE RESERVOIR 
.2 WASH WATER STORAGE RESERVOIR 
3 URINE EVAPORATOR 
4 WASH WATER EVAPORATOR 
5 URINE SOLIDS STORAGE 
GWASH WATER SOLIDS STORAGE 
7 PYROLYSIS UNIT 
B POTABLE WATER CONDENSER 
9 WASH WATER CONDENSER 

IOPOTABLE COLD WATER RESERVOIR 
II POTABLE HOT WATER RESERVOIR 
I2 WASHWATER RESERVOIR 
I3 PUMP 
I4 CONDENSATE FILTER 
I5 OVEN 
16 STERILIZER 
I7 URINAL 
IBHEAT EXCHANGER 

(THERMALLY INTEGRATED 
SYSTEM ONLY) 

Figure 4-7 Water Recovery System 
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of the time will be at normal metabolic output and 20.8 percent of the time will be at a sub+ 

stantially higher metabolic output (in the suit). The overall average metabolic data per man- 

day is used to determine a possible overall man-day water balance as shown in Figure 4-l. 

Note that water recovery efficiencies are given since the water balance in the lunar roving 

vehicle is more critical than for the MORL type vehicle or the lunar shelter studied pre- 

viously. This is due to the large amounts of water consumed in the suit back-pack for ther- 

mal control. Also it is assumed that all the water produced by the man while in the suit 

will be collected and returned to the vehicle for processing. 

4.3.3.1 WATER RECOVERY FROM URINE 

The 7.0 pounds of urine voided by the crew per day contains approximately 6.6 pounds of 

water and 0.4 pounds of solids (approximately 5 percent). The urine is first processed in 

a low temperature/pressure evaporator, then subjected to high catalytic temperatures and 

finally condensed. The low temperature (12O’F) and low pressure (1.7 psia) distillation 

minimizes the amounts of impurities (organics, ammonia, etc.) volitized with the water, 

thus separating the majority of the impurities from the water. Note that since there is 

approximately one-sixth normal gravity on the lunar surface, there is no need for centri- 

fugal impellers to induce phase separation during boiling.. The electric power requirement 

for evaporation is 81 watts. 

The urine solids (5 percent of the urine) will settle to the bottom of the evaporator due to 

the lunar gravity. This permits easy removal of the solids (e.g. by a piston type device) or 

the evaporator may be sized to store all the solids. 

The water vapor from the distillation process is far from being potable. The vapors are 

heated to 18OO’F in the presence of a platinum catalyst and a small amount of oxygen (2 cc/ 

min) bled into the system. The water vapor impurities are oxidized to form fairly unsolvable 

oxides (e. g. C02, NO2, etc.) The water vapors are condensed as potable water and the 

oxides are vented to vacuum. The pyrolysis process consumes approximately 50 watts of 

electrical power, however, only a small amount of this power is utilized to heat the vapor. 
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A gas to gas heat exchange permits the pyrolyzed vapor to preheat the incoming vapor so 

that the thermal energy is conserved. The majority of the power is required to overcome 

the radiation and conduction heat losses through the superinsulation jacket. 

The condenser is a gas to liquid heat exchanger which removes sufficient energy from the 

water vapor to permit liquefication. The thermal energy is transferred to the vehicle liquid 

coolant loop. Since there is approximately one-sixth normal gravity on the lunar surface, 

there is no need for an active or a passive means of phase separation other than the differ- 

ences in density between the vapor and the condensate. The condensate is then pumped to 

the potable water storage reservoirs by a small pump which utilizes an average power of 

0.5 watts. The cold water storage reservoir is cooled to approximately 40°F by the vehicle 

liquid coolant while the hot water storage reservoir is heated to approximately 180°F by an 

electrical. heater. The hot and cold water is then dispensed to the crew as required. A 

mixing valve is utilized to obtain water temperatures at any point between the 40°F and 

1800F range. 

4.3.3.2 WATER RECOVERY FROM WASH WATER 

The crew utilizes approximately 12.0 pounds of wash water per day. This water need not be 

potable and since it contains only small amounts of solid contaminants (0.25 to 1.0 percent), 

low temperature/ pressure distillation suffices to recover the wash water for reuse. If con- 

taminants should increase substantially over the long mission, a portion of the distilled 

vapor may be passed through the pyrolysis section of the urine water recovery system and 

potable water utilized to replenish the wash water supply. This will essentially dilute the 

contaminant concentration and maintain the impurities at an acceptable level. The electri- 

cal power requirement for distillation is 147 watts. 

The washwater solids (0.25 to 1.0 percent) settle to the bottom of the evaporator and are 

removed or stored in the evaporatore. 

The water vapor from the distillation process is then liquefied in a condenser and pumped to 
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TABLE 4-2. POWER REQUIREMENTS (WATTS) - NON INTEGRATED 

CabIn ~viroammtnl Oontrol System 

cnnllstlllg OE Air Far 

Blower 

Redundant Blcqver 

Contahmr/ Expendable Refrigerud 

Dxmant Period Blower 

Evaporative Kent Excbwger 

Cabin Heat Exchanger 

odor Caltro1 calaeter 

Trace Gas Coatml 

GermlCldal lamp/ Ballast 

c1yco1 pump 

Redundant Glycol Pump 

Dmmmt Period Pump 

suit Blower Yl 

sun Bbmr #2 

DuctbIg 

M&c. Hardware I Plumbing 

Controla 

Carbon Dioxide Removal System 

canaialng of: De,,CCmt cnn1eter 

DBa1ccmt cmtster 

Gus Heat Exchanger 

Mole slew cardster 

Mole Sieve Cant&r 

BlOWr 

Redundant Blower 

Misc. Hardware P Plumbing 

Controls 

“eat Exchanger 

Condensate Tank 

PWP 

Redtmrhrd Pump 

Ytm. Hrd 

lat Leskap 

Wetght (1bL 

0.5 

2.0 

2.0 

17.0 

0.5 

3.0 

6.0 

1.5 

2.0 

1.0 

2.0 

2.0 

0.5 

1.0 

1.0 

10.0 

4.0 

1.0 

57.0 lb. 

3.0 

3.0 

0.5 

12.5 

12.5 

1.0 

1.0 

2.5 

2.0 

2.0 

0.5 

0.5 

0.5 

0.5 

0.0 

42.0 lb. 

Average Process power (wane) Average Support Power (W,tt.Q 

0.0 0.0 

0.0 46.0 

0.0 0.0 

0.0 0.0 

0.0 0.0 

0.0 0.0 

0.0 0.0 

0.0 0.0 

50.0 0.0 

25.0 5; 0 

0.0 25.0 

0.0 0.0 

0.0 0.0 

0.0 2.0 

0.0 2.0 

0.0 0.0 

0.0 0.0 

0.0 2.0 

75.0 watts 82.Oanttl 

15 watta 

364.0 

0.0 

0.0 

43.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

14.0 

0.0 

0.0 

5.0 

0.0 

0.0 

5.0 

0.0 

0.0 

20.0 

40T.Owatll 44.0mlta 

451.0 w*tts 



TABLE 4-2. POWER REQUIREMENTS (WATTS) - NON INTEGRATED (CONT’D) 

Water Recovery Syatem 

Ccndalag ol: Bmawery Fmm Urhe 

Urine Stcrqe 

ScUda Storage 

Evaporation 

PyrulYSlS Unit 

Condenser 

Condensate Pump 

H. E. Condensate Pump 

H.E. Condensate Filter 

Cold Water Storage 

Rot Water &rage 

Misc. Hardware P Pumping 

Controls 

“at Leakage 

Reccvew Frcm Wash W*ter 

Wash Water Storage 

Solids Storage 

Evapxatcr 

Condenser 

Condensate Pump 

Wash Water Reservoir 

Misc. Hardware P Pumping 

Controle 

Heat Leakage 

Food Management System 

conststblg of: oven 

Sterlllzer- 

Mtec. Hardware P Pumblng 

Contmls 

m*t Leakage 

Mlac. Structure P Enclosure 

2.0 

1.0 

5.0 

10.0 

2.0 

0.5 

0.5 

1.5 

2.5 

2.5 

2.0 

1. 5 

0.0 

31.0 lb. 

3.0 

1.0 

7.0 

2.5 

0.5 

3.0 

1.5 

0.5 

0.0 

19.0 lb, 

0.0 

0.0 

01.0 

50.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.6 

1.0 

0.0 

0.0 

9.0 

0.0 

3.5 

20.0 

~131.0 watts 34.0 w*tta, 

165.0 WyILttl 

0.0 0.0 

0.0 0.0 

147.0 0.0 

0.0 0.0 

0.0 1.0 

0.0 0.0 

0.0 0.0 

0.0 2.0 
0.0 20.0 

\ 147.0 watts 23.0 watt. 

170.0 vmtts 

5.0 3.0 0.0 

7.5 7.0 0.0 

2.0 0.0 0.0 

0.5 0.0 2.0 

0.0 0.0 _10.0 

15.0 lb. 10.0 v&et* 12.0 v/*tts 

22.0 watts 

TOTALS NONINTEGRATED SYSTEM 

NOOXYGENRECOVERY 

184.0 lbs \ 770.0 watts 195.0 vmttm 

965 wstts 



storage by a pump which utilizes an average power of 1.0 watt. The storage reservoir 

retains the water until it is utilized for washing. 

4.3.4 FOOD MANAGEMENT SYSTEM 

Past studies have included the water cooling and heating storage reservoirs as part of food 

management. However, the block diagram (Figure 4-3) shows that these items are more 

properly a part of the water recovery system. The food management system consists of an 

oven to reconstitute the rehydrated food and a sterilizer to control bacterial contamination 

of eating utensils. 

The oven is utilized to merely maintain the rehydrated food package at 170°F for approxim- 

ately 5 minutes to assure proper reconstitution. This requires an average of 3 watts elec- 

trical power which is utilized mainly to overcome heat leakage from the oven since the food 

is put into the oven at 180°F. 

The sterilizer is utilized to sterilize utensils used for eating. Also such items as boots or 

gloves which contact the lunar surface may be sterilized in this unit to minimize the possi- 

bility of bacterial contamination. The sterilizer requires approximately 7 watts to produce 

superheated steam at 240-250° F. 

4.3.5 RESULTS 

Table 4-2 summarizes the average electrical power requirements for a thermally non- 

integrated life support system in which oxygen is not recovered from the carbon dioxide. 

4.4 NONINTEGRATED SYSTEM WITH OXYGEN RECOVERY 

The nonintegrated life support with recovery contains the same water recovery and food 

management equipment as discussed in the previous section (4.3). The differences are the 

area of carbon dioxide collection in the cabin and suit and the process for recovery of the 
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oxygen. The changes are as follows: 

a. The desorption process is accomplished at a high temperature and pressure since 

the carbon dioxide is to be collected. Collection at the lower sieve temperature 

and pressure would require larger equipment and more electrical power. 

b. The silica and molecular sieve method for collection of the carbon dioxide is too 

large and heavy to be utilized for collection of the carbon dioxide while the men 

are in their space suits.- A regenerable magnesium oxide absorption system is 

much lighter and therefore used with the suits. 

C. A Sabatier reactor, condenser, electrolysis unit, and methane pyrolyzer’are added 

to the system to remove the oxygen from the carbon dioxide. 

4.4.1 CABIN ENVIRONMENTAL CONTROL 

The basic system is the same as that described in 4.3.1. The inclusion of the oxygen recov- 

ery subsystem in the vehicle requires the expenditure of more electrical energy and conse- 

quently the liberation of more heat to be the cabin environment. More cabin atmosphere and 

liquid coolant are then required to be circulated for thermal control. The blower and pump 

electrical power requirement are increased to 50 and 30 watts respectively, but without-a 

significant weight change. 

4.4.2 CARBON DIOXIDE REMOVAL AND OXYGEN RECOVERY 

The molecular sieve is heated to 250°F from the normal temperature of 780F to permit 

removal of the entrained carbon dioxide. The sieves and canisters weigh approximately 

20 pounds and are recycled every hour using 270 watts of electrical power. 

The carbon dioxide gas is removed from the sieve by a suction gas pump which stores the 

carbon-dioxide in an accumulator. The pump requires 33 watts for operation and is not 

back-up by a redundant pump since the whole oxygen recovery system may be shut down while 

the pump is repaired. 
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The carbon. dioxide is continuously bled into the Sabatier reactor where in the presence of a 

catalyst, the carbon dioxide is hydrogenated to form water and methane. The process is 

exothermic and liberates approximately 94 watts of thermal power. The ivater is separated 

from the methane in a condenser and is pumped to the electrolysis unit. The water is elec- 

trolyzed to form hydrogen and oxygen at the expenditure of 330 watts of electrical power. 

The oxygen is returned to the cabin for rebreathfng and the hydrogen is returned to the 

Sabatier reactor for reuse. 

The methane separated from the water in the condenser flows to a pyrolysis unit which ther- 

mally cracks the methane to form carbon and hydrogen. The carbon is discarded while the 

hydrogen is reused in the Sabatier reactor. A more complete description of the process B 

may be found in References 4-l and 4-2. 

4.4.2.1 CARBON DIOXIDE COLLECTION IN PRESSURE SUITS 

The mission profile for the lunar roving vehicle requires the men to spend 20 percent of 

their time in pressure suits exploring the surface. In obeisance to the philosophy of car- 

rying a minimum amount of expendables, the carbon dioxide produced by the men while in 

their suits is collected and returned to the vehicle for recovery of the oxygen. The collec- 

tion of carbon dioxide by the same method as utilized in the vehicle (molecular sieves) can 

not be utilized in the suit back pack because of the prohibitive size and weight requirement 

that a man would have to transport. A sieve weight of 55.8 pounds is required to absorb 

1.55 pounds of carbon dioxide produced during 5 hours in the suit. The desiccant and can- 

nister will increase the weight to approximately 100 earth pounds. Also the method of absorp- 

tion of carbon dioxide by lithuim hydroxide can not be utilized in spite of its high capacity due 

to the difficulties in removal of the carbon dioxide. A temperature of 1360OF and a pressure 

of 0.025 atmosphere would be required to regenerate the lithuim hydroxide. 

One of the more promising methods of collection of carbon dioxide for this application is 

the use of magnesium oxide as an absorbent. Initially the magnesium oxide is preconditioned 

with steam to convert the oxide to a hydroxide Mg (OH)2 . This permits a high absorption 

79 



capacity when exposed to carbon dioxide. 

Mg (OI-Q2 (solid) + CO2 (gas) + H20 (gas) -Mg CO3 l 2H20 

The absorption process is exothermic and produces approximately 1060 btu per pound of car- 

bon dioxide absorbed. The absorption efficiency of the Mg (OH)2 for 40 percent utilization 

requires 5.14 pounds for a 5-hour period intthe suit. A canister weight of 1.36 pounds is 

envisioned for a total canister filled weight of 6.5 pounds. 

4.4.2.2 SUIT CANISTER REGENERATION 

Regeneration of the backpack CO2 removal canister is complex because the dissociation of 

the Mg CO3 must be implemented. This requires a two-step process, first dehydration, and 

then dissociation at approximately 900OF. A temperature-time profile somewhat as indicated 

by Figure 4-8 will be realized during this two step process. 

BASIS: 1.55 LB. C02/MAN/DAY 

800 

~- 
0 1 2 

TIME, HOURS 

Figure 4-8. MgO Regeneration Thermal Profile 
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The regeneration of the absorbent is accomplished in three stages when the expended canis- 

ter is returned to the vehicle. 

a. The canister is heated to approximately 350°F and evolved water vapor is rejected 

to the cabin heat exchanger. 

Mg CO3 l 2H20 4Mg CO3 + 2H20 + AH1 

b. The canister is then heated to approximately 900°F and the carbon dioxide is 

removed by the gas pump. 

W CO3 -Mg 0 + CO2 + AH2 
. 

C. Water is then injected into the hot canister to produce the required absorbent hyd- 

oxide. 

Mg 0 + Hz0 -Wit 032 

The regeneration rate may vary depending on the rate of heat transfer to the bed, and the 

temperature gradient effects inherent in the canister design. 

The sensible heat required to bring the canister to 350°E is calculated to be approximately 

626’ btu (based on Cp=l. 9 btu/‘F). The heat of dehydration (AHI) required to remove the 

H20 is 1270 btu. 

To accomplish regeneration of the carbonate to the solid oxide requires addition of approx- 

imately 980 btu per pound of CO2 removed (AH2), or approximately 1520 btu for the stated 

capacity of 1.55 pounds of CO2 per cycle. In addition to the heat energy required to affect 

decomposition of the carbonate molecule, additional sensible heat is required to raise the 

canister temperature to the 900’F operating temperature. This amounts to approximately 

1050 btu per regeneration. The “latent” and sensible heat totals are noted in Figure 4-8. 

No allowance is made in that figure for losses by heat transfer to the surroundings. These 

processes require the following input energy per regeneration: 

. 
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a. Heat of dehydration 1270 btu 

b. Sensible heat to attain 350°F 626 

c. Heat of dissociation 1520 

d. Sensible heat to attain 900’F 1032 

4448 btu 

If the canisters are regenerated for a 24-hour period, approximately 55 watts are required 

per canister or 110 watts for two canisters average. 

As in Section 4.3.2.4 a heat exchanger has been added to cool anddehumidify the air which 

exits from the desiccant canister as it is being regenerated. Also the condenser for the 

oxygen recovery unit is attached to this coolant line. The coolant pump power requirement 

is increased to 7 watts. 

4.4.2.3 WATER RECOVERY 

Water is utilized to reactivate the MgO after regeneration to produce Mg (OH)2 which is a 

more efficient absorbent for carbon dioxide. The water is expelled from the absorbent during 

regeneration and passes to the cabin heat exchanger where it is condensed and returned to 

the potable water storage tank. The .effect on the environmental control and condensate pump 

and filter is insignificant. 

The canister is configured as a cylinder with radial flow of gas from the center to the out- 

side surface. This minimizes pressure drop through the bed and provides maximum reten- 

tion time. The canister must be designed to withstand the 900°F regeneration temperature. 

Adequate heat transfer surfaces must also be provided to eliminate localized heating and 

facilitate both heating during regeneration and cooling during absorption. 

Several process variables still require definition themost important of which is the absorption 

rates that can be achieved under the stated operating conditions. Thesedata can best be 

obtained by empirical, evaluation of typical canisters in both the absorbing and desorbing 

modes of operation. 
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4.4.3 RESULTS 

Table 4-3 lists the amount of electrical heat required as well as the electrical support power 

required for a nonintegrated life support system in which oxygen is recovered from the car- 

bon dioxide. Figure 4-9 shows a block diagram of this system. Figure 4-10 illustrates a 

Possible arrangement of the oxygen recovery system. 

4.5 THERMAL INTEGRATION METHODS 

4.5.1 THERMAL INTEGRATION WITH THE PRINCIPAL POWER SYSTEM 

The use of the electrical Power system waste heat in place of electric Power to operate life 

support processes must be implemented-with fluid connections between the cabin and trailer 

module. For minimum sizing a liquid should be used to transport the heat from heat 

exchangers on the Power system heat rejection lines to the life support consoles, For the 

space between the cabin and trailer either flexible lines or flexible connections must be used. 

The concept presented here is to have two flexible lines attached on the trailer module near 

the hitch and on the cabin near the bottom. These lines are composed of: 

a. Inner tube of DuPont “H” film which survives the 600°F temperatures supplied by 

some of the power systems and the -240°F extreme lunar night temperature during 

the dormant period. 

b. Woven stainless steel hydraulic type hose surrounding the H-film for semi-rigid- 

ization and protection. 

c. Aluminum foil - fiberglass mat as an external thermal coverage (mainly for crew 

contact protection) 

It is estimated that the 8 ft of hose required for trailer-cabin attachment would weigh three 

pounds per trailer module. 
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TABLE 4-3. POWER REQUIREMENTS (WATTS) - NON INTEGRATED WITH OXYGEN RECOVERY 



TAHLF: 4-3. POWER REQUIREMENTS (WATTS) - NON INTEGRATED WITH OXYGEN RJXOVERY (CONT’D) 

Cabln EnvIronmental Control System (Ccnt’a) 

Water Recovery System 

Conelstlng of: Recovery From Urtne 

Urine Storage 

Solids Storage 

Evaporator 

Pyrolysis Unit 

Condenser 

Condensate Pump 

H. E. Condensate Pump 

H.E. Condensate Filter 

Cold Water Storage 

Hot Water Storage 

Misc. Hardware 61 Plumbing 

Controls 

“eat Leakage 

Recovery From Wash Water 

Wzsb Water Stcrcgge 

Solids Storage 

Evaporator 

Condenser 

Condensate Pump 

Wash Water Reservdr 

MI% Hardware & Plumbing 

Controls 

“eat Leakage 

Food Manngement sy8tem 

Ccnsistlng of: oven 

SterlllZer 

Misc. Hardware L Plumbing 

Controls 

Heat Leakage 

M’IIC. Structm’e & Enclosure 

TOTALS NON-INTEGRATED SYSTEM 
WI’IXOXYGENRECOVERY 

Weight (lb) Average Process Power (Watts Average Supwrt Power (watts) 

2.0 

1.0 

5.0 

10.0 

2.0 

0.5 

0.5 

1.5 

2.5 

2.5 

2.0 

1.5 

0.0 

31.0 lb 

3.0 

1.0 

7.0 

2.5 

0.5 

3.0 

1.5 

0.5 

0.0 

19.0 lb. 

0.0 0.0 

0.0 0.0 

81.0 0.0 

50.0 0.0 

0.0 0.0 

0.0 0.5 

0.0 1.0 

0.0 0.0 

0.0 0.0 

0.0 9.0 

0.0 0.0 

0.0 3.5 

0.0 20.0 

131.0 watt8 34.0 watts 

165.0 watt8 
0 

0.0 

0.0 

147.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

2.0 

20.0 

147.0 vmtta 23.0 watt8 

110.0 watt8 

5.0 3.0 0.0 

1.5 7.0 0.0 

2.0 0.0 0.0 

0.5 0.0 2.0 

0.0 0.0 10. 

15.0 lb. 10.0 watts 12.0 wntts 

22.0 watts 

20.0 lb 

275.0 Ibe 
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Figure 4-9 Block Diagram of Closed Loop Nonintegrated Life Support System 



I DESICCANT CANISTER 
2 GAS HEAT EXCHANGER 
3 DESICCANT CANISTER 
4 BLOWER 
5 REDUNDANT BLOWER 
6 MOLECULAR SIEVE CANISTER 
7 MOLECULAK SIEVE CANISTER 
8 HEAT EXCHANGER 
9 CONDENSATE TANK 

IO MgO CANISTER 
I I MgO REGENERATION EOUIPMENT 
12 CH4 PYROLYZER 
I3 COP GAS PUMP 
I4 CO2 ACCUMULATOR 
I5 SABATIER REACTER 
I6 CONDENSER 
17 CONDENSER PUMP 
I8 ELECTROLYSIS UNIT 
I9 HEAT EXCHANGER 

(THERMALLY INTEGRATED 
SYSTEM ONLY) 

Figure 4-10 Oxygen Recovery System 
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4.5.2 THERMAL INTEGRATION WITH THE RADIOISOTOPE THERMOELECTRIC 
GENERATOR 

The loo-watt RTG mounted on the cabin wall rejects in the order of 2.8 kw thermal heat at 

500’F. The amount of heat and the level is sufficient to operate the life support processes. 

The method of heat transfer to implement this concept would be to use a’heat pipe to this life 

support equipment. The boiler would be mounted on the flat side of the I’D” configuration 

RTG. 

4.5.3 COMPARISON OF METHODS 

Thermal integration with the primary electrical power system has the advantage of not only 

reducing power system size but radiator size as well. For the application considered a 

reduction of 4.5 square feet would occur with the Rankine cycle, and approximately 30 square 

feet with the Brayton cycle. Thermal integration with the RTG eliminates the hoses between 

the cabin and the trailer module. Either method of course, reduces the primary electrical 

power requirements by the amount of electrical heat replaced with thermal heat. 

4.6 INTEGRATEDANDNOOXYGENRECOVERY 

The thermally integrated life support system which does not recover oxygen from the pro- 

duced carbon dioxide is nearly identical to the nonintegrated system described in Section 4.3. 

The difference is that waste heat from the power system is utilized instead of electrical heat 

to initiate and sustain many of the life support functions. Practically all process heat is 

supplied thermally. The power system waste heat is transferred to a liquid heat transport 

medium (Therminol) in the life support heat exchanger and it pumped to the various life sup- 

port subsystems. The pump requires 31 watts of electrical power for continuous operation 

and is backedupby a redundant pump, see Figure 4-11. The initial temperature of the liq- 

uid is a function of the power system used. Data is presented for two representative levels, 

400’F and 600’~. Since some life support subsystems do not require the high temperature 

waste heat, a heat exchanger and a separate liquid loop is utilized to transfer low tempera- 

ture (155OF) waste heat to these components. In previous thermal integration studies, 
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several components required a waste heat temperature between the high and low temperature 

loops. Consequently these components e. g. sterilizer, oven and hot-water reservoir were 

heated initially by the 155OF liquid and finally to the desired temperature by electrical energy. 

However, for this study, all these components are heated from the high temperature liquid 

loop,and the component temperature is controlled by a thermostatically operated liquid 

bypass valve. As the component reaches the desired temperature the heating liquid is 

shunted around the component. 

For each process described in the following paragraphs, thermal requirements will be indi- 

cated for two temperature levels, 400°F and 600°F, to indicate the dependence on temper- 

ature. 

4.6.1 CABIN ENVIRONMENTAL CONTROL 

Thermal integration of this subsystem results in the use of a catalytic oxidizer for trace 

gas control, that utilizes waste heat instead of electrical power (50 watts). The 600’F 

heat transport liquid is utilized “as is ‘I; however if the 4000F liquid is to be used on additional 

17 watts of electrical power is required to establish the proper operating temperature. 

The weight of the unit increases by 1.0 pound. 

4.6.2 CARBON DIOXIDE REMOVAL 

The desorbing heat required for the silica gel and molecular sieve of 43 and 364 watts is su- 

plied by power system rejected energy in place of electrical energy. With rejected heat 

being supplied at a minimum of 400°F, there is no need to periodically heat the molecular 

sieve to a higher temperature to prevent sieve contamination (poisoning). This heating is 

accomplished during every desorption cycle. This simplifies the controls and reduces their 

weight by one pound and their power by 2 watts. Heating the sieves to 250’F for regenera- 

tion increases the desorption efficiency so that less sieve material is required. A total 

canister weight of 20 pounds is required when the sieves are regenerated with 600’~ 

waste heat. When 400°F waste heat is utilized, more heat transfer surface is pro-&d 
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so that the total canister weight is 25 pounds, The amount of heat required to regenerate 

at a 600’F level is 920 btu/hr. 

The amount of heat required to regenerate the silica gel desiccant is 64 watts for the 600°F 

temperature case. However, when lower temperature 400’F waste heat is utilized, addi- 

tional heat transfer surface must be added to the canisters and a resulting additional 26 watts 

is required for a total of 390 watts. 

4.6.3 WATER RECOVERY 

As a result of thermal integration, the hot potable water reservoir is heated to 1800F by the 

400’F or 600°F high temperature liquid. A thermostatically controlled liquid bypass valve 

maintains the reservoir at a maximum temperature of approximately 180OF. When the hot 

water is dispensed to the 7.0 psia cabin atmosphere, boiling may ensue. This may be a 

advantageous for proper mixing, however if it is not, the water temperature may be reduced 

The urine and wash water evaporators do not require and cannot use the high temperature 

liquid for evaporation. Pressure control eliminates the requirement for high temperatures 

since these higher temperatures would tend to volatilize more organics. An intermediate 

lower temperature 155OF liquid is utilized, for the evaporation process. This liquid (pro- 

pylene glycol/water, as for the coolant loop) is pumped thru a heat exchanger which collects 

heat from the high temperature liquid loop and transports the thermal energy to the evapcr- 

ators. The pump operates continuously on 14 watts of electrical power. Since it is vital to 

the life support system, a redundant pump is provided. 

4.6.4 FOOD MANAGEMENT 

The food management oven and sterilizer (see Section 4.3.4) utilize the high temperature 

liquid for thermal energy instead of electrical power without a significant increase in the 

heat requirement to operate this equipment. 
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4.6.5 RESULTS 

Table 4-4 summarizes the temperature and amount of waste heat utilized as well as the 

electrical power requirement for a thermally integrated life support system in which oxygen 

is not recovered from the carbon dioxide. 

4.7 INTEGRATED AND OXYGEN RECOVERY 

The thermally integrated life support system which recovers the oxygen from the produced 

carbon dioxide is nearly identical to the life support which is not thermally integrated 

(Section 4.4). The differences are the addition of tubing, pumps and heat exchangers nec- 

essary to supply heated fluid to the components rather than the use of electrical power for 

the heating. See Figures 4-12 and 4-13 for the system block diagram. 

4. ‘7.1 CABIN ENVIRONMENTAL CONTROL 

The basic cabin environmental control system is the same as that described in Section 4.3.1. 

The modifications brought about by thermal integration are identical in this system to those 

discussed in Section 4.6.1. 

4.7.2 CARBON DIOXIDE REMOVAL AND OXYGEN RECOVERY 

The procedure for molecular sieve and silica gel regereration is the same as that described 

in Section 4.6.2, except the CO2 gas is not discarded. 

The carbon dioxide gas is removed from the sieve by a suction gas pump which stores the 

carbon dioxide in an accumulator. The pump requires 33 watts for operation and is not back- 

up by a redundant pump since the whole oxygen recovery system may be shut-down while 

the pump is repaired. 
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TABLE4-4. POWERREQUIREMENTS-INTEGRATEDANDNOOXYGENRECOVERY 

Chtn Envtmnmental Control System 

Consisting ok Air Filter 

Blower 

Redundant Blower 

katner/Pxpendable Pefrig. 

Dormant PerhA Blower 

Bnporatlve Heat Exchanger 

Cabtn “eat Exchanger 

Odor Control Cant&r 

Trace Gas contm1 cantster 

Germicidal Lamp/Ballast 

Glycol Pump 

Redundant Glycol Pump 

Dormant Pertcd Pump 

Sutt Blower W 1 

Sutt Blower # 2 

mctlng 

Mi~c. Hnrdwnre P Plumbing 

Controls 

Carbon Dhtde Remonl System 

cons1#tblg ol: DeSlCCaId canister 

Desh?ant caniaer 

Gas Heat Exchanger 

Mole Sieve Canister 

Mole Sieve Cnnister 

Bl0W.X 

Redundant Blower 

Heat Exchanger 

Condensate Tank 

Pump 

Redundant Pump 

Misc. Hardware (r Plumbing 

Controls 

Hea L&age 

Wekbt ,lb. 1 waste mat lwans~ Electrlcsl Power Iwatta) 
400°F/6000F 400°F/6000F 4OO'F /600°F 
0.5 0.5 0. 0 0. 0 0.0 

2.0 2.0 0.0 0.0 46. 0 

2.0 2.0 0.0 0.0 0. 0 

Il. 0 10.0 0. 0 0. 0 0.0 

0. 5 0. 5 0. 0 0. 0 0.0 

3.0 3.0 0.0 0.0 0.0 

6.0 6.0 0.0 0.0 0.0 

1.5 1.5 0.0 0.0 0. 0 

3.0 2.0 50.0 50. 0 17. 0 

1.0 1.0 0. 0 0. 0 30. 0 

2.0 2.0 0.0 0.0 25.0 

2.0 2.0 0. 0 0. 0 0.0 

0. 5 0.5 0. 0 0. 0 0.0 

1.0 1.0 0.0 0.0 2. 0 

1.0 1.0 0.0 0. 0 2.0 

10.0 10.0 0.0 0.0 0. 0 

4.0 4.0 0. 0 0. 0 0.0 

1.0 1.0 le.2 0.(1 2.0 

56.0 1.0 lb. 61.0 50.0 watt6 124.0 watt* 

400°F/SOOoF 400°F/6000F 400=‘F bOOoF 

4.0 3.0 390.0 364.0 0. 0 

4.0 3.0 0. 0 0. 0 0. 0 

0.5 0.5 0.0 0.0 0.0 

12.5 10.0 334.0 210.0 0. 0 

12.5 10.0 0.0 0.0 0. 0 

1.0 1.0 0. 0 0. 0 14.0 

1.0 1.0 0. 0 0. 0 0. 0 

2.0 2.0 0.0 0. 0 0. 0 

0. 5 0. 5 0. 0 0. 0 0.0 

0.5 0.5 0.0 0.0 5.0 

0. 5 0.5 0.0 0.0 0.0 

3.0 3.0 0.0 0.0 0.0 

1.0 1.0 0. 0 0. 0 3. 0 

0.0 0.0 gQ30.0 0.0 

43.0 36. 0 lb. 144.0 664.0 watts 22.0 w.tt.5 



TABLE 4-4. POWER REQUIREMENTS - INTEGRATED AND NO OXYGEN RECOVERY(CONT’D) 



TO 
C.b‘r, 

1 
I 
I 
I 

To C.blnH& 

Figure 4-12. Block Diagram of Closed Loop Integrated Life Support System 
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Figure 4-13. Block Diagram of Closed Loop Integrated Life Support System 

The carbon dioxide is continuously bled into the Sabatier reactor where in the presence of a 

catalyst, the carbon dioxide is hydrogenated to form water and methane. The process is 

exothermic and liberates approximately 94 watts of thermal power. The water is separated 

from the methane in a condenser and is pumped to the electrolysis unit. The water is 

electrolyzed to form hydrogen and oxygen at the expenditure of 330 watts of electrical power. 

The oxygen is returned to the cabin for rebreathing and the hydrogen is returned to the Sabatier 

reactor for reuse. 

The methane separated from the water in the condenser flows to a pyrolysis unit which 

thermally/catalytically cracks the methane tc form carbon and hydrogen. The carbon is 

discarded while the hydrogen is reused in the Sabatier reactor. A more complete description 

of the process may be found in Reference 4-l. 
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4. 7.2.1 SUIT CARRON DIOXIDE PROCESSING 

The magnesium oxide canisters used to remove CO2 from the suit atmosphere are the same 

as those described in Section 4.4.2.1. The regeneration processing (CO2 removal) is- 

identical to the process described in that section. Thermal heat is used in place of.elec- 

9. trical heat to drive off the water (see Figure 4-8). The remaining heat required to separate 

the MgO and CO2 is principally supplied by electrical energy. 

From 4.4.2.1, the 24 hour average power is 110 watts to process two canisters using 400°F 

temperature level, 50 watts of this total can be obtained through thermal integration. When 

the 600’F temperature level is taken, then 60 watts of the 110 watt total can be supplied with 

waste heat. The remaining heat must be supplied electrically, since 900’F is the final tem- 

perature required to complete MgO/C02 separation. 

4.7.3 WATER RECOVERY 

Paragraphs 4.3.3 and 4.6.3 present discussions of the identical water recovery to the one 

used in this integrated closed loop system. 

4.7.4 FOOD MANAGEMENT 

The oven and sterilizer use thermal energy in place of electrical energy. The system is 

otherwise as described in 4.3.4. 

4.7.5 RESULTS 

Table 4-5 summarizes the temperature and amount of waste heat utilized as well as the 

electrical power requirement for a thermally integrated life support system in which oxygen 

is recovered from the carbon dioxide produced by the crew. 
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TABLE 4-5. POWER REQUIREMENTS (WATTS) - INTEGRATED WITH OXYGEN RECOVERY 



TABLE 4-5. POWER REQUIREMENTS (WATTS) - INTEGRATED WITH OXYGEN RECOVERY (CONT’D) 
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4.8 SYSTEM CONSIDERATIONS ANDDISCUSSION OF RESULTS 

Tables 4-6 thru 4-9 itemize the vehicle heat loads for the four basic systems and defines 

the method by which the heat is rejected. Table 4-10 summarizes the cabin heat loads. 

Table 4-11 summarizes the electrical power requirements and Table 4-12 summarizes the 

life support equipment weights for the several systems. Also Table 4-13 itemizes the con- 

figuration and size of each component. 

The basic system considerations are whether it is best to close the life support loop (e. g. 

recover oxygen) for the lunar roving vehicle and whether the waste heat from the power 

system can be efficiently utilized to replace electrical energy as a source of heat. In all 

comparisons the electrical power requirements are also of prime concern along with the 

weight/power penalty for the several power systems. It was early determined with the 

chemical systems that closed loop operation imposed a significant weight penalty. There- 

fore oxygen is carried in the oxidizer tanks when these power systems are used. The iso- 

tope systems do not consume fuel in the sense that the chemical systems do. It might be 

fruitful then to investigate the weight penalties associated with extra power required in the 

closed loop systems and compatible with equivalent open loop operation. 

Integrated 

Nonintegrated 

Bray-ton Power &stem Rankine Power System 

0.81 lb/watt 0.92 lb/watt 

0.64 lb/watt 0.68 lbbatt 

4.8.1 OXYGEN RECOVERY 

If no oxygen recovery is utilized, the weight of oxygen consumed by the two men crew during 

the 45-day mission is: 

2.78 lb oxygen 
man day 

X 45 day X 2 men = 250 lb oxvgen 
mission 1 

loo 



TABLE 4-6. VEHICLE HEAT LOAD - NONINTEGRATED SYSTEM 

PROCESS ELECTBICAL POWER REQUIRED (WATTS) EXOTHEHMIC (WATTS1 AIR COOLING (WATTS) LIQUID COOLING (WATTS) 

212 272 _--- 

Blower 46 
Trace Gas Control 50 
Germlcldal Lamp 30 
Suit Blowers (2) 4 
Coolpnt Pump 25 
conb-01s 2 

46 
60 
30 
4 
25 
2 

REMOVAL CO2 

Deskcant (A&orb) 
Heat Exchanger 
Sieve (Adaorb) 
BIOWWT 
Desiccant (Desorb) 
Sieve (Deaorb) 
COIltd# 
Heat Leakaxe 

bP - 

80 
11 
15 

89 
11 

__ --- 
_- 
__ 

_-_ 
18 

14 
364 

I4 
14 290 

43 
5 
20 
5 

43 
5 
20 
6 

WATER RECOVERY 

Cond%naPte pump 
“rlne Evaporator 
FYrOlYSiS unit 
&d&r 

&P 
water Heater 
Wash Water Evaporator 
Condenser 
Wash Water Pump 
Controla 
lieat Leakage 

1 
--- 

50 
81 
50 
__ 

0.5 
9 
141 
_- 

81 

141 

81 

141 

FCCJD MANAGEMENT 

Battery Chqjrq 
Navign”on d Control 
Commudcatlon 
Data Management 
LI2htin2 

0.5 
9 

_-- 

1 
5.5 
40 

1 
5.5 
40 

3 
7 
2 
10 

600 

3 
1 
2 
10 

120 480 

TOTAL RADIATOR LOAD ,s57 WATTS 1098 WATTS 

1955 WATTS 



TABLE 4-7. VEHICLE HEAT LOAD - NONINTEGHATED SYSTEM 

WATER RECOVERY 

Condensate Pump 
Urine Evaporator 
Pyrolydq”dt 
Condenser 

Pump 
Water Heater 
Wash Water Evaporator 
CO&WW 
Wash Water Pump 
COlItKll8 
Heat Leakage 

FOOD MANAGEMENT 

Battery charging 
Navigation ud Control 
Data Management 
LightbIg 

BIOWES 46 46 
Trace Gas Conhol 50 50 
Germicidal Lamp 30 30 
Suit Blowers (2) 4 4 
cohnt Pump 30 30 
COltkObl 2 2 

---_ 59 _-- 89 
--_- 11 ___ 11 

18 18 
14 14 
384 74 290’ 
210 270 
110 110 
33 33 
---- 94 94 

330 -_- 330’ 
330 --- 

43 43 
1 1 
5 6 
40 40 
1 7 

PROCEBB 

MEN 

cabin CmUng 

ELRCTRICAL POWER RRQUIRED (WATTS) BXOTHERMIC WATIB) AIR COOLING (WATTS) IJQUID COOLING IWATTS) 

---- 272 212 

OXYGENRECOVERY 

De&cant (Desorb) 
Heat Exchlagsr 
Sieve Absorb 
Blower 
Ddccmt (D-orb) 
Sieve (Denorb) 

MP &‘-orb) 
GM Pump 
SwhtIer Reactor 
Condenser 
Electrolysis unit 
CH4 Pyrolyzer 

Pump 
COllhObl 
Heat Leaka@ 

Pump 

1 
81 
50 
--__ 

0.5 
9 
141 
---- 

1 

5.5 
40 

3 
7 
2 
10 

600 

*Heat dlaslp&d to hlgb tem~er.ture rdl~tor - g20 w,tta 

81 

147 

1 
--- 

50 
_-_ 

0. 5 
9 
_-- 
__- 

1 
5. 5 
40 

3 
7 
2 
10 

480 

1393 WATTS 1428 WATTS 
L 

TOTAL RADIATOR LOAD 2821 WATT3 

81 

141 



TABLE 4-8. VEHICLE HEAT LOAD, INTEGRATED SYSTEM. 

NO OXYGEN RECOVERY 

ELECTRICAL POWER WASTE HEAT Am COOLING LIQLm COOLING 
REQUIRED (WATTS) (WATT.3 EXOTHERMIC (WATTS) (WATTS) 
4OcoF 6OO’F 400°F 600’F (WAm) 400°F 600°F 4OO’F 600°F 

PROCESS 

- 

MEN 

CABIN COOLING 

212 7.12 212 

Blower 
True Gas Control 
Germicidml Lamp 
Suit Blowers (2, 
coolant Pump- 
Controls 

46 
1, 
30 

4 
26 

2 

46 46 
6, 60 
30 30 

4 4 
25 2.5 

2 2 

46 
0 

30 
4 

26 
2 

60 60 

CO2 REMOVAL 

Deskcant (Adsorb) 
Heat Exchanger 
Sieve (Adsorb) 
mower 
De~iccmt (Desorb) 
Steve (Desorb) 
COntdS 
m.t Leikag.3 

P-p 

WATER RECOVERY 

Condensate Pumr, 

80 
11 
18 

86 
11 

66 
11 

14 
18 16 
14 14 
78 74 

334 270 
3 3 

20 30 
6 6 

14 

3 

5 

300 364 

334 270 
20 30 

312* 290* 

3 

6 

1 1 

60 60 

0.6 0.6 

1 1 

60 60 

0.5 0.6 
9 6 

81 81 

81 

141 

C;ndenser 

F-w 
water Heater 
Wash Water Evaporator 
Condenser 
Pumo 
co&l* 
law Tern,,. H. E. 
Pump - 
Heat Leakpge 

61 

141 

61 

147 

0 6 
141 I47 

1 I 
6.6 5.6 

14 14 
60 60 

1 
6.6 

14 

1 
6.5 

14 

FOOD MANAGEMENT 

HIGH TEMP. H. E. 

Fump 
“e.t Lertkaga 

50 60 

3 3 
1 7 

10 10 

3 3 
7 7 
2 2 

10 20 
2 2 

31 31 
30 60 

120 120 480 480 

31 31 

600 

30 60 

TOTAL 1262 1217 WATT6 1120 1096 WATTS 

TOTAL RADIATOR LOAD X3,2 WATT6 AT 4OO’F (r 2316 WATT6 AT 6OO=‘F 

*Heat dlasipnted to high temperature radimtor 400°F 6OO’F 

312 290 
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TABLE 4-9. VEHICLE HEAT LOAD - INTEGRATED SYSTEM OXYGEN RECOVERY 

ELECTRICAL POWER WASTE HEAT AIR COOLING LlcnnD COOLING 
PROCESS REQUIRED (WATTS) PHATW EXGMERMIC (WATTS) (WATTS) 

40008 6009 4009 600°F WATW 4OO'F 600°F 4OPF GOOOF 

60 
0 

30 
4 

30 
2 

50 
61 
30 

4 
30 

2 

60 
50 
30 

4 
30 

2 

60 60 

1s 
14 
74 

210 
110 

33 
01 
__ 
-_ 
43 

1 
6 

50 
, 

IS 
14 
18 

334 
110 

33 
64 
_- 
-_ 
43 

1 
8 

40 
7 

I4 14 
390 
334 
50 

364 
210 
60 

312. 290* 

50 
33 

60 
33 

91 
330 330’ 330* 

330 
43 

330 
13 

1 
8 

10 
6 

10 30 40 
7 , 

I 

60 
-_ 
__ 

0.5 

1 

60 
-- 
-- 
0.5 

1 
--- 
60 
__ 

9 
0.5 
__ 

81 81 

Condenser 
water “eater 
Pump 
Wash Water Ev.por.tor 
Condenser 

9 

141 

9 

141 

1 
6.6 
__ 
14 
-_ 

1 
6.6 
__ 
14 
__ 

-_ 
I4 
60 60 60 

3 
7 

3 
7 
2 

10 

3 
7 
2 

20 

__ 
__ 

2 
__ 

__ 
__ 

2 
__ 

__ 
10 

__ 

20 

HIGH TEMP H. E. 

Pump 
lieat Lelkage 

36 
-_ 

600 

36 
__ 

600 

35 
30 

120 

35 
50 

120 480 480 

30 60 

MISC. 

TOTAL 1613 1.538 w*TTs 1460 1428 WATT[( 
TOTAL RADUTOFI IDAD 3023 WATT6 ,t lOOoF 0 2966 WA’ITS It 600°F 

l He.t dissipated to M&h tampm.tmr~(~ rldlator lOOoF 600°F 
642 620 



TABLE 4-10. VEHICLE CABIN HEAT LOADS (WATTS) 

Nonintegrated 1955 2821 

Integrated Brayton (400’F) 2372 3223 

Integrated Rabkine (600OF) 2315 2966 

NO OXYGEN RECOVERY OXYGENRECOVERY 

TABLE 4-11. VEHICLE CABIN ELECTRICAL POWER REQUIREMENT (WATTS) 

Non Integrated 

Integrated Brayton (400OF) 

Integrated Rankhe (600’F) 

L 

NOOXYGENRECOVERY OXYGEN RECOVERY 

965 

251 

234 

L 

1741 

748 

721 

TABLE 4-12. LIFE SUPPORT EQUIPMENT WEIGHT (LB) 

Nonintegrated 

Integrated Brayton (400OF) 

Integrated Rankhe (600’F) 

- 

NOOXYGENRECOVERY 

184 

217 

205 

OXYGEN RECOVERY 

275 

318 

306 
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TABLE 4-13. COMPONENT SIZE AND CONFIGURATION. 

_- 
4x,x, 
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Withleakage and contingency allotments, the total oxygen requirement for 45 days w&d be 348, or 

268 lb above the closed loop system. Based on .data in Reference 4-3 a storage tank with 

insulation for oxygen would weigh approximately 80 lb. The Recovery of oxygen from CO2 

introduces additional equipment and requires more power (see Tables 4-11, 4-12). Figure 

4-14 illustrates the time/weight relationship of the open loop process and the weight com- 

parison when oxygen is recovered. In every case, the open loop system is lighter for the 

45-day mission. However, if as much as two missions were desired during the life or any 

one lunar vehicle, then oxygen recovery represents a weight saving. 

4.8.2 WATER RECOVERY 

If no water were recovered from the urine and wash water the weight of water consumed 

and used by the two man crew during the 45-day mission is: 

2.8 LB URINE WATER RECOVERED x 45 DAY X 2MEN = 252 LB 
man day mission mission 

6 LB WASH WATER RECOVERED x 45 DAY x 2MEN = 540 LB 
man day mission mission 

TOTAL 792 LB 

45-DAY MISSION 

Considering 20 percent of the liquid weight for tankage, the total weight equals 950 pounds. 

The Water Recovery System weighs 50 pounds for a nonintegrated system and 52 pounds for 

an integrated system. The electrical power requirements are 335 watts and 58 watts 

respectively for nointegrated and integrated systems. 

BRAYTON ROWER SYSTEM WEIGHT: 

NONINTEGRATED 
50 lb (equipment) + 335 watts X = 0.64 lb 264 pounds 

watt 
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Figure 4-14 Comparison of Oxygen Recovery With Oxygen Storage for Isotopic Power Systems 
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Figure 4-15. Comparison of Water Recovery With Water Storage For Isotopic Power Systems 



INTEGRATED 
50 lb (equipment) 58 watts x = .81 lb 

watt 
99 pounds 

WEIGHT: 

NOMNTEGRATED 
50 lb (equipment) 335 watts X = 0.68 lb 278 pounds 

watt 

INTEGRATED 
52 lb (equipment) + 58 watts X 0.92 lb = 105 pounds 

watt 

Figure 4-15 illustrates the time/weight relationship of discarding water and the comparison 

of equipment and power weight for processing and re-using waste water. The time equiv- 

alence is around 13 days, comparing against nonintegrated systems and 5 days comparing 

against integrated systems. Clearly, water processing is much lighter than discarding 

water for the lunar roving vehicle 45-day mission. 

4.8.3 Discussion 

The increase in weight of life support equipment with thermal integration is minor compared 

to the decrease in power system size and weight. As can be seen in Figures 4-14 and 4-15; 

the decrease and power system equipment is on the order of 300 pounds for thermally inte- 

grated systems. From a long term viewpoint, the closed processes should generally be 

chosen over open CO2 or water subsystems. Another consideration (not a part of this 

study) would be use of open loop processes to minimize isotope fuel requirements. For 

limited roving vehicle life, nonrecovery of oxygen would save 500 electrical watts, or two 

and four isotope thermal kilowatts iu the Brayton and Rankiue heat sources (integrated 

vehicles). Of course, approximately 8 lb/ day of consumed weight appears to supply oxygen. 

The closed loop system has better flexibility for extending missions and for temporarily 

increasing crew size, for rescue or transport missions. Additional thermal energy is 
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available especially from the Rankine system to operate at a higher process cycle rate, 

enabling additional CO2 removal and oxygen recovery. The limit imposed for this mode of 

operation would be the cabin,radiator heat rejection capability. 

4.8.4 Cabin Heat and Temperature Transients 

There are several times during the mission profile when the heat input into the cabin 

atmosphere and liquid coolant loops may exhibit a significant change. Several of the major 

heat transients are listed below: 

a. Dormant to active period start-up. 

b. When men exit from vehicle. 

c. Period when men are less active (sleeping). 

d. Variance of solar heat flux (Lunar day and nite). 

e. Equipment failures. 

f. Emergency decompression or fire. 

IiT* Normal variation of equipment heat load. 

4.8.4.1 Start-Up 

During the lunar roving vehicle start-up (transition from dormant to active period) it is 

recommended that all systems be operating 8 hours before the men use the cabin life support 

system. This permits a less critical transition from the 100 watts RTG cabin heat load to 

the possible 3223 watts cabin heat load of normal vehicle operation. Also this period may be z 

used to remotely checkout all systems before the men enter the vehicle. The vehicle thus 

has sufficient time to stabilize the cabin environment before the crew arrives. 

4.8.4.2 All Other Normal Conditions 

All other normal transient heat input conditions such as when the crew exits from the vehicle, 

periods of decreased crew activity (sleeping), variance of solar heat flux (lunar day and 

nite), etc. are dampened by the large thermal mass of the vehicle. The cabin weighs 



4000 pounds and has an average specific heat of 0.2 btu/ Ib’F; consequently, a heat input 

of 235 watts (800 btu/hr) is required to raise the temperature l°F. This is a significant 

thermal mass and will tend to dampen the effect of transient heat loads. 

4.8.4.3 Equipment Failures and Emergencies 

Equipment failures will generally decrease the thermal load but the vehicle thermal mass 

will dampen any rapid temperature change until the environmental control system stabilizes. 

During emergencies such as fires or decompression all noncritical systems will be shut 

down. These noncritical systems are water recovery, oxygen recovery (if used) cooking, 

sterilizing, etc. Only the suit environmental control system, carbon dioxide removal and 

minimal lighting will be utilized until the emergency has been alleviated. Upon return to 

normal operation it may be necessary for the crew to remain suited until the cabin temper- 

ature has stabilized at an acceptable level since the cabin temperature can not be controlled 

if the cabin is voided of atmosphere. 

4.8.4.4 Normal Variations 

Normal variations in the equipment heat load is minimized by the continuous operation of 

the carbon dioxide removal, oxygen recovery (if used), and water recovery systems. These 

systems dissipate the bulk-of the thermal energy into the cooling system at a nearly constant 

rate. If sufficient waste heat is not available from the power supply system to operate the 

life support systems at all times (periods when LRV is not mobile), the water recovery and 

regeneration of the MgO suit back pack canister may be delayed until sufficient waste heat 

is available. Approximately the same amount of energy is required so that more heat will 

be required for a shorter period of operation. 
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4.8.4.5 Summary 

Generally the thermal mass of the vehicle will minimize rapid temperature transients. 

Special procedures are required for start-up and after emergencies to stabilize the cabin 

temperature at an acceptable level. 
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SECTION 5 

CABIN BEAT REJECTION 

5.1 INTRODUCTION 

The lunar roving vehicle cabin during its mission will have heat generated in it by: 

a. Life support equipment 

b. Electronic equipment 

c. The crew 

‘Ihis heat must be removed from the cabin and rejected to maintain cabin steady state con- 

ditions. The previous section has examined the heat balances for the life support equipment 

and crew. The cabin air is passed through an air to liquid heat exchanger to maintain its 

temperature. Much of the life support equipment heat is removed by circulation of a similar 

liquid through cooling coils. This section examines the radiator and control requirements 

following the heat exchangers. 

The electronic equipment is to be cooled by the “cold plate” method. Absorption refrigeration 

is analyzed in conjunction with the electronic equipment to determine its potential for lunar 

roving vehicle use. 

5.2 ELECTROMC EQUIPMENT COOLING 

The electronic equipment used in the lunar roving vehicle is contained in two consoles near 

the forward part of the cabin (see Figure 5-l). This equipment is part of the navigation, 

communications, command, telemetry and data management subsystems. The average 

dissipation of this equipment when the vehicle is active (during a 45-day mission) is 600 

watts. ‘Ihe previous thermal integration study (Reference 5-l) considered cooling of elec- 

tronic equipment by using cold plates with the component heat dissipators mounted on them. 

The component waste heat is transferred to the plate and then to a cooling fluid by conduction. 
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Figure 5-l. Electronic Equipment 

The fluid is in turn pumped through the space-oriented cabin radiator to reject the heat. 

This concept is used with the lunar roving vehicle electronic equipment to reject 80% of its 

heat (480 watts). It is estimated that 20% of this heat (120 watts) is removed by the cabin 

air and rejected through the cabin environmental control heat exchanger and radiator. 

‘I’he cold plate flow control is accomplished by temperature control between specified limits. 

The lower temperature limit is the cabin air dew point, in the neighborhood of 50’F. The 

upper limit is probably set by the cabin air temperature, since it is desired to remove as 

much of this heat as possible directly by the liquid. The preferred operating point is then 

50°F, which is used in succeeding calculations in this section. 
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5.3 A3f@U?TICN REFRIGERATION SYSTEM 

5.3.1 CYCLE ANALYSIS 

This method of alleviating rejection temperature levels is here considered for use with 

the electronic equipment. It is assumed that the fluid to the cold plates will be msintained 

at 50°F with a lOoF temperature difference from the refrigeration system operating point 

of 40°F. 

A mechanical vapor compression system requires a relatively large power input to com- 

press the working fluid from the operating pressure of the evaporator to that of the 

condenser. If we introduce a liquid into the system before the compressor we can realize 

a significant reduction in compressor power requirements. Such a system is shown 

schematically in Figure 5-2. 

Qc QG I 

t A- 
I CONDENSER 1 (7) 1 -n.mnr\ mT\n 1 =‘RON& 

-1 (RADIATOR) p-1 bhlYn-L”n. r% 

(8) 

1 WEAK 

I I 

(3) 

SOLUTION 

UPERATOR 

I (2) 
- EVAPORATOR (10) - ABSORBER 

v 

ELECTRONIC 
COLD 

PLATES 
RADIATOR - ‘A 

Figure 5-2. Schematic of Single Stage Absorption Refrigeration System 
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This system requires a significantly higher heat input as compared with a vapor compression 

system with the benefit of a much lower pumping power. The most commonly used working 

fluids are ammonia-water and lithium bromide-water. Several variations of these systems 

have been examined in Reference 5-l. The most efficient choice for this application is 

LiBr-H20 because of its higher coefficient of ptXfoI?XUW? (COP). The basic p?NCeSS iS 

~ma3&zedbdOW: 

a. Saturated steam from the evaporator is absorbed by a wesk LiBr-H20 solution and 

compressed to the pressure level consistent with the generator saturation 

pressure. For the LiBr-H20 system this is an exothermic process. 

b. Part of the power system waste heat is used to evaporate a portion of the absorbed 

water; the remaining solution is returned through a throttling valve to the 

absorber. A portion of the heat content of the weak solution is utilized by means 

of a recuperator. 

C. The steam leaving the generator is condensed to saturated water. This water is 

then throttled back to the evaporator saturation state. 

d. The saturated water entering the evaporator is used to provide cooling to the 

main heat load. 

The cycle conditions assumed are the same as those given in Reference 5-l and are 

summarized below: 

Evaporation temperature = 40’F 

Condenser and absorber temperature = lOOoF 

Generator temperature = 200’F 



(1) AII of the throttling valves sre isenthaIpic. 

(2) Cycle points 1, 3, 4, 7, 8 aud 12 are saturated conditions. 

(3) Negligible pressure losses in the components and lines. 

(4) Pump work is negligible. 

A summary of the thermodynamic state points for the assumed cycle are summarized in 

Table 5-l. 

TABLE 5-l. ABSORPTION REFRIGERATION CYCLE POINT8 
(EVAPOIUTOR LOAD = 1636 Btu/Hr) 

Point 
Cycle 

Pressure 
@= W) 

Temperature Quality Enthalpy 
( W (% LiBr) (9tuh-m 

Weight Flow 
Rate 

(Pounds/Hour) 

1 6.29 100 . 60 -70 2a. 97 

2 49.1 100 .60 -70 20.97 

3 49.1 180 .60 -35 20.97 

4 49.1 200 .65 -27 19.35 

5 49.1 110 .65 -65 19.35 

6 6.29 110 .65 -65 19.35 

7 49.1 200 0 1151 1.615 

8 49.1 100 0 68 1.615 

9 6.29 40 0 68 1.615 

10 6.29 40 0 1079 1.615 

The overall heat balance for this system is given below: 

Component 

Absorber 
Generator 
Condenser 
Evaporator 

Total 

Heat Input (Btu/Hr) 

2070 

1636 
3706 

119 

Heat Rejected (Btu/Hr) 

1749 

1953 

3702 



The calculated COP for this system is 0.79. Allowing for system heat losses, if we take 

a COP of 0.75 this results in a required generator heat load of 635 watts. This was the 

heat load used in sizing the generator in the integrated systems analyzed. 

5.3.2 EQUIPMENT SIZING 

The equipment size estimates are based primarily on extrapolating the size and weight 

figures presented in Reference 5-l. 

In most instances we have assumed that the weight is linearly proportional to the cooling 

load level. The pump power is approximately proportional to the cooling load cubed. The 

following table summarizes the estimated system weight. 

TABLE 5-2. ABSORPTION REFRIGERATION EQUIPMENT WEIGHT AND PTJMP POWER 

unit 

Evaporator 

Condenser (Radiator) 

Generator 

Absorber 

Recuperator 

Pump 

Misc. Structure 

Absorber radiator 

Totals 

Saving of power system radiator 

Weight (lb) 

1.3 

8.0 

0.9 

1.3 

0.4 

0.5 

0.5 

7.6 

20.5 

-3.0 

17.5 (lb) 

Pump Power (watts) 

0.04 

0.01 

0.01 

0.01 

0.01 

0.01 

0.09 

Figure 5-l shows a conceptual design of the electronics racks and the cold plates for 

cooling. The cold plates essentially serve as the evaporator. The electronics load was 

estimated to be on the order of 600 watts. A power density of 100 watts/cu ft is assumed 
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for the purposes of showing a specific size. If the absorption refrigeration system is replaced 

with a low temperature (Tin = 55OF, Tout = 50°F) radiator with the OSR coating o8 = 0.05, 

E: = 0.84, it is estimated that the radiator would weigh on the order of 14.3 lb. It appears 

therefore that the absorption refrigeration system in this system has no particular advantage 

either in saving radiator area or weight. The reason for this is of course, the fact that the 

waste heat output of this system is so much higher than the heat load for a low temperature 

radiator. The sink temperature is also 150°F less than the radiator outlet; the increase 

in the radiator temperature is too small to offset the increase in heat load. 

5.4 CABIN HEAT REJECTION INTEGRATION 

5.4.1 DESCRIPTION 

The required cooling loops and their radiators for cabin heat rejection are described in the 

following paragraphs. In the previous study (Reference 5-l) all of the heat loads were 

combined into a single coolant loop. In view of the fact that the minimum radiator area 

is desirable, we can distinguish between the CO2 removal system and the other elements 

in the life support system in order to maximize the radiating temperature. The basic cabin 

system elements, including the electronic equipment, are shown below. 

f 
LIFE SUPPORT 

LOW TEMPERATURE 
SYSTEMS 

1 

4 

ELECTRONIC 
* EQUIPMENT 

4O’F 

1 
LOW ’ 

TEMPERA- 
TURE 

RADIATOR 

55OF 

REMOVAL 

HIGH 
TEMPERATURE 

RADIATOR 

1 _ 1110°F 

Figure 5-3. Cabin Heat Rejection System Block Diagram 
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Since the absorption refrigeration system does not provide advantages for this application, 

it is wt considered as part of the heat removal loops. 

The following table summarizes the heat loads for each of the aforementioned systems. A 

more detailed breakdown of these heat loads is given in Section 4. 

TABLE 5-3. RADIATORS BEAT LOAD 

Nonintegrated 
With O2 recovery 
Without O2 recovery 

Intemated 

With O2 recovery 
400’ Heat Input 
600’ Heat Input 

Without O2 recovery 
400°F Heat Input 
600°F Heat Input 

Electronic 
Equip. (watts) 

480* 

Life Support 
Low Tempera- 
ture (watts) 

CO2 removal 
System (watts) 

1695 621 
1179 291 

1876 642 
1841 621 

1556 312 
1521 291 

*80% of the heat load is assumed to pass into liquid cooling loop, the remainder 
ends UD as ~a.rt of the cabin environmental control svstem heat load. 

Figure 5-4 gives the estimated radiator wei&t and area as a function of heat load for both 

the low-temperature and high-temperature radiator loops. The assumed radiator 

characteristis are given below. 

coatingt OSR Laminate 
Solar Absorptance (o,) = 6.95 
Emittance (E) = 0.84 

Radiator specific weight (iucl. coating) = 0.5 lb/ft2 
Overall radiator efficiency =0.95 
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The following table summarizes the radiator area and weight for the various life support 

systems. 

TABLE 5-4. RADIATOR AREAS AND WEIGHT 

r 
Nomntegrated 

With O2 recovery 
Without O2 recovery 

Integrated 

With O2 recovery 

400°F Heat Input 
600°F Heat Input 

Without 02 recovery 

400°F Heat Input 
600°F Heat Input 

Low Tern1 nture Loop 
Wt (lb) Prea (sq ft) 

r High Teme rature Loop 
Wt (lb) Area (sq ft) 

61.5 123 17.5 35.0 
47.0 94 8.2 16.4 

_’ 

66.5 
66.0 

57.5 115 8.5 17.0 
57.0 114 8.2 16.4 

i. 4.2 CONTROL REQUIREMkNTS 

133 17.8 35.6 
132 17.5 35.0 

The cabin heat rejection system is susceptible to heat rejection load variation due to: 

(1) environmental temperature variations; and (2) cabin load variations. Several means 

are available to maintain stable system temperatures necessary to operate at peak system 

efficiency. These are summarized below: 

a. Use of a bypass line to maiutain a constant heat rejection element (e. g., radiator 

or heat exchanger) at a constant inlet temperature. 

b. Use of a regenerative heat exchanger to maintain a fixed temperature drop across 

the radiator. 

c. Allow selective freezing of the fluid in the radiator tubes (Apollo concept). This 

is ostensibly similar to the bypass concept. 
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Figure 5-4. Life Support System Radiator Parameters 
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., 
d. Use of a louvered radiator surface. 

e. By suitable valving of a variable tube radiator. 

f. Use of heat storage devices. 

The use of a regenerative heat exchanger is in most cases the most accurately controllable 

system arrangement. Using a bypass line results in lowering the radiator outlet temperature 

at the expense of large viscosity variation in the fluid. Selective freezing of the fluid has 

innumerable problems associated with predicting performance, and in being able to recover 

full flow capacity when required in a relatively short period of time. The use of a louvered 

radiator surface is a poor choice for several reasons: 

(1) Louvers add weight. 

(2) They require large radiator area because of reduced effective surface emittance. 

A variable tube radiator concept is of questionable reliability and complexity. In addition 

it represents a fairly severe weight penalty for the valving plus controls. 

The use of the latent heat of fusion of a solid melting at or near the desired operating point, 

or the latent heat of vaporization or fusion is another means to accommodate load variations, 

The major disadvantages of this device are: 

(l) It allows potentially excessive variations in fluid viscosity with the attendant 

pump ,power penalties. 

(2) Results in high weight for significant load-varying capability. 
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Reference 5-l discusses in greater detail some examples of the comparison between a bypass 

configuration and regenerative configurat,ion. In all of the system radiator designs analyzed, 

the radiator has been sized to accommodate the peak load since the majority of the power 

transients are of sufficiently long duration to prevent taking advantage of the heat capacity 

of the radiator. The regenerator must be sized in order to reduce the desired system outlet 

temperature to a value compatible with radiator design capability at the very lowest oper- 

ating power level. In addition, the variation in radiator sink temperature between the 

peak value at the time of highest power dissipation and the lowest sink temperature at time 

of lowest power dissipation must be accounted for. The necessary operating conditions 

@ is , regenerator flow rate) for intermediate conditions can be arrived at by the following 

method: 

(1) Assume a cold side weight flow rate (hot side weight flow rate fixed by power 

level). 

(3) Calculate the Reynolds number and Colburn modulus for the hot and cold sides. 

(3) Calculate the hot and cold side film coefficients. 

(4) Calculate the number of transfer units. 

(5) From the number of transfer units the heat exchanger effectiveness can be 

estimated. 

(6) With known hot side and cold side inlet temperatures and a lrnown hot side 

outlet temperature, calculate the cold side outlet temperature. 

From this procedure the precise relationship between system heat load, effective sink 

temperature and the required amount of regeneration can be established. 
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The preceding discussion is primarily applicable to the longer term variations such as 

encountered with the lunar environment. For short term transients, the cabin’s large 

thermal mass will provide sufficient control (see Section 4). 

5.5 REFERENCES 
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SECTION 6 

HYDROGEN-OXYGEN ENGINE POWER SYSTEM 

6.1 INTRODUCTION 

Of the possible chemical dynamic space power systems, the hydrogen-oxygen internal 

combustion engine has perhaps the most potential. The internal combustion engine has low 

weight and volume, a wide power range and a speed of rotation compatible with conventional 

alternators. The propellant choice has the advantages of high energy release per pound, 

high specific heat of hydrogen, and life support capabilities of oxygen with production of 

water as a by-product. Figure 6-l depicts a possible power system equipment arrangement 

on the lunar roving vehicle trailer module. 

6.2 NONINTEGRATED POWER SYSTEM 

The nonintegrated system consists of a hydrogen-oxygen engine power plant that furnishes 

the entire power requirement in the form of electrical energy. Thermal energy obtained 

from cooling the engine is radiated to space. 

6.2; 1 DESCRIPTION 

The H202 engine has been studied by Vickers Incorporated, Division of Sperry Rand 

Corporation (References 6-l thru 6-6). The specific unit to be considered is described 

and test results are reported in Reference 6-l. It is a single-cylinder reciprocating, 

internal combustion engine operating on gaseous hydrogen as a fuel and gaseous oxygen as 

an oxidizer. Figure 6-2 shows a P-V diagram and the sequence of events in engine 

operation. The hydrogen and oxygen are not internally compressed, but are separately in- 

jected at high pressure (super-critical storage) near top-dead-center of the cycle. The 

propellants are regeneratively heated by the exhaust gases. The basic flow diagram is 

given in Figure 6-3. The particular engine designed and tested is rated at 2 kw average 

power, 3 kw maximum. 
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Figure 6-2. Typical Pressure-Volume Diagram for 
H2-O2 Engine 

An analytical study has predicted a minimum specific propellant consumption (SPC) of 

1.3 Ib/kw-hr. The study was based on optimistic assumptions. The minimum value obtained 

in practice has been 2.2 lb/kw-hr and this is the value used in this study. However, to allow 

for future improvement in fuel consumption, the SPC will be based on net generator output 

(Reference 6-l). Typical generator efkiency for this application is 85%. Including a 5% 

control loss gives a shaft power of about 125% of the net generator output. Therefore, the 

SPC based on shaft power is about 1.8 lb/kw-hr. 

The oxygen to hydrogen ratio (O/F) affects the specific propellant consumption, the engine 

cooling and propellant tankage. The value of the ratio used here is two since this gives 

the minimum propellant consumption. 
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The engine cooling requirements are specified as equal to the brake engine power; 75% for 

cylinder wall cooling (500’F exit coolant temperature) and 25% for radiation cooling of the 

cylinder head (15OO’F). 

The following flight weights are given in Reference 6-l for the 2 kw average, 3 kw maximum 

power engine system. 

Engine 
Regenerator 
Alternator 
Battery 
Controls and Plumbing 

Total 

15 lb 
10 
35 
10 
10 

80 lb 

The radiator and propellant tank weight is not included. 

6.2.2 ENERGY REQUIREMENTS 

Refer to the typical power profile curve, Figure 3-5. The H2-O2 engine system uses the 

open loop (CO2 unprocessed) profile since the oxygen needed for life support can best be 

obtained directly. This curve is the net power required for a configuration with one trailer. 

The power system considered here is too heavy for one trailer so additional trailers will 

be needed, resulting in increased locomotion power. Each trailer requires 800 watts of 

locomotion power for 5 hours out of every 24 during the 45-day operation (167 watts average). 

The power from the generator is ac. One third of this must be converted to dc at a con- 

version efticiency of 92%. To determine gross power, an average conversion factor may be 

calculated. 

3 = 1.03 
0.92 + 2 
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Assuming that ‘N’ trailers are needed for the mission, the minimum, average and maximum 

gross power levels can be determined. 

Minimum gross power = 1.33 kw 

Average gross power = (1.93 + .167N) (1.03) kw 

Maximum gross power = (3.59 + .8N) (1.03) kw 

‘I’he mission duration is 1080 hours so the gross energy is 1080 multiplied by average gross 

power. 

Mission gross energy = 2150 + 186N kw-hr 

6.2.3 COMPONENT SIZING 

6.2.3.1 Determination of Number of Trailers 

First it is necessary to determine the number of trailers needed to transport the power 

system. Each trailer can weigh 3000 lb of which 2400 lb is payload. An estimate of the 

power system weight can be made by as suming one engine per trailer and an average tankage 

factor of 1.4. The system weight is approximately 100 N + (1.4 x SPC x Mission Energy). 

N= 1OON + 1.4 x 2.2 lb/kw-hr x 2150 + 186N 
2400 lb 

N= 
1OON + 6620 + 572N 

2400 

N= 3.8 

Therefore, four trailers (N=4) will be required. 
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Using N = 4, the mission power levels are: 

Minimum gross power = 1.33 kw 

Average gross power = 2.68 kw 

Maximum gross power = 7.00 kw 

Mission gross energy = 2900 kw-hr 

The maximum power is greater than can be supplied by two engines of the size of the test 

engine. In this case it is desirable to increase the engine size so that two engines are 

adequate for the peak power load. This would require a 3.5 kw maximum, 2.4 kw average 

power engine. It is assumed that the test engine may be linearly scaled as far as weight 

is concerned and that the operating parameters such as SPC and heat rejection remain the 

same. Two engines are available as backup units. See Table 6-l for a summary of the 

energy requirements. 

TABLE 6-l. NONINTEGRATED HYDROGEN-OXYGEN ENGINE SYSTEM 
ELECTRICAL ENERGY REQUIREMENTS 

Mission gross energy 

Net energy (one trailer) 

Energy for three extra trailers 

Conversion Loss (ac-dc) 

Minimum gross power 

Average gross power 

Maximum gross power 

2900 kw-hr 

2260 kw-hr 

540 kw-hr 

100 kw-hr 

1.33 kw-hr 

2.68 

7.00 

The net propellant is 

2.2 zti x 2900 kw-hr = 6380 lb 
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A 10% reserve increases this to 7020 lb. One third of this (2340 lb) is hydrogen and two 

thirds (4680 lb) is oxygen. This amount of propellant must be available after 30-day storage 

on the moon. Calculations were made to estimate insulation weight, boil-off, and tankage 

weight for the propellants assuming one hydrogen and one oxygen tank per tailer. A 

combination of foam and foil insulation is considered for thermal control. The foam is for 

launch conditions and the foil for the lunar storage environment. The method of calculation 

and the properties are from References 6-7, 6-8, and 6-9. The results are contained in 

Table 6-2. 

6.2.3.2 Radiator Design 

The following table summarizes the radiator parameters for the non-integrated design. 

‘R TRi TRo 
(W IOF) .(OW 

2.5 500 400 

2.7 500 400 

3.0 500 400 

3.3 500 400 

Header 
0% 

2.75 

3.0 

3.25 

3.35 

Tube 
Length 

@I. 

2.8 

2.8 

2.9 

3..2 

Area 
IG2) 

8.3 

8.9 

10.0 

10.8 

Weight No. of 
(lb) TUlX?S 

5.9 17 

6.6 15 

7.4 17 

8.4 18 
. .-~ -- 

A-A 

Figure 6-4. Radiator Configuration 
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TABLE 6-2. NONINTEGRATED HYDRGGEN-OXYGEN ENGINE SYSTEM- 
SYSTEM WEIGHT 

Engine system, 4 at 105 lb 420 lb 

Radiators and heat exchangers 320 

Total propellant and tankage 9330 

Hydrogen and H2 Tankage 

Net hydrogen 

Boil-off 

Insulation 440 

Tankage 640 

Oxygen and O2 tankage 

Net oxygen 

Boil-off 

Insulation 

Tankage 230 

3920 

2340 lb 

500 

5410 

4680 

375 

125 

Total power system weight 

Four trailers at 600 lb 

/’ 
Life support oxygen 

Gross power system weight 

H2 tank diameter = 7.2 ft 

O2 tank diameter = 3. 5 ft 

10070 

2400 

350 

12820 
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6.2.3.3 Water Recovery System 

The engine exhaust is a mixture of hydrogen and steam. A condensing heat exchanger in the 

exhaust stream makes possible the recovery of water by condensing the steam. Since the 

exhaust pressure is 3 to 4 psia, the condensing temperature is about 146’F. For each 

kilowatt of generator output, 940 watts must be rejected from the condensing heat exchanger. 

At maximum power this amounts to 3.3 kw for each of the two operating engines. A 

radiator of about 90 sq ft is required. At a weight of 0.78 lb/ft2, the radiator will weigh 

about 70 lb. 

6.3 INTEGRATED POWER SYSTEM 

The primary purpose of integrating the power and life support systems is to reduce the 

electrical power requirements of the life support system by utilizing waste thermal power 

from the engine. This is accomplished by providing thermal energy for some of the life 

support system processes by means of a heat exchanger in the engine cooling loop. 

6.3.1 DESCRIPTION 

The integrated system is esentially the same as the non-integrated system except for the 

additional heat exchanger in the engine coolant loop (see Figure 6-3). The amount of thermal 

energy available in the coolant loop is equal to 75% of the engine brake power. The coolant 

exits the engine at 500’F. 

6.3.2 ENERGY REQUIREMENTS 

The amount of life support power that can be furnished thermally was determined in 

Section 4.6. The 400’F values should be used when considering the H2-O2 engine. The 

life support electrical power requirement is reduced from 965 watts to 251 watts by thermal 

integration. The resulting power profile is shown in Figure 3-5; thermal power required 

is 1131 watts. 
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Using the power profile and assuming ‘N’ trailers: 

Minimum gross power 0.60 kw 

Average gross power (1.22 + .167 N) (1.03) 

Maximum gross power (2.88 + .8 N) (1.03) 

Mission gross energy 1355 + 186 N kw-hr 

6.3.3 COMPONENT SIZING 

6.3.3.1 Determination of Number of Trailers 

The number of trailers required is determined in the same manner as was used for non- 

integrated sizing. 

+ N 1OON 1.4 x 2.2 lb/kw-hr x 1355 + 186 N kw-hr = 

2400 

N = 
672 N + 4180 .---- 

2400 ‘L 

N = 2.5 

Therefore, three trailers are needed and the resulting power levels are: 

Minimum gross power 10.60 kw 

Average gross power 1.77 hw 

Maximum gross power 5.44 kw 

Mission gross energy 1910 kw-hr 

One engine (2 kw average power) can supply the power except during the peaks. Peak 

power can be supplied by two engines. Gne engine is used ‘as a backup unit. See Table 6-3 

for a summary of the integrated system energy requirements. 
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TABLF: 6-3. INTEGRATED HYDROGEN-OXYGEN ENGINE SYSTEM 
ELEXTRICAL ENERGY REQTJIREMENTS 

Mission gross energy 

Net energy (one trailer) 

Energy for two extra trailers 

Conversion Loss (ac-dc) 

Minimum gross power 

Average gross power 

Maximum gross power 

6.3.3.2 Thermal Energy Availability 

1490 kw-hr 

360 

60 

1910 kw-hr 

0.60 kw 

1.77 

5.44 

It is seen that the minimum electrical power (660 watts), occurring during the sleep periods, 

is less than the thermal power (1173 watts) required by the life support system. The maxi- 

mum thermal power from cooling the engjne is equal to the en$ne brake power. This is 

estimated by assuming a generator efficienqv of 35% and a control loss of 5%. The brake 

power is then 600/O. 8 = 750 watts. Seventy-five percent of this, 560 watts, is available 

&au the cylinder wall cooling loop. Jf this is not sufficient, some of the power from the 

cyBnder head can be used, This power is normally radiated from the 1500°F head. 

I&ring non-locomotion periods, the engine does not produce enough waste heat to supply 

the life support thermal power requirements. This problem can be eliminated by modifying 

the life support processing to a pulsed type of operation. Much of the desorbing and evapor- 

ative processing can be accomplished during the locomotion periods when adequate waste 

energy is available. The CO2 process can be eperated at 4000F, 100 watts, during loeo- 

motion ‘and at 78oF, 18 watts, at other times. This saves 316 watts during non-locomotion. 

Storing the waste H20 and processing it during locomotion can save 277 watts during non- 

locomotion periods. The result is that the thermal processing power can be reduced to 

550 watts during non-locomotion periods (19 hrlday): During locomotion (5 hrjday) thermal. 

power required is increased to 2500 watts. 



- 

6.-3.3.3 Fuel and Oxidizer Tank Sizing 

The net propellant required is: 

2.2 lb/kw-hr x 1910 kw-hr = 4200 lb 

A 10% reserve increases. this to 4620 lb of which one third (1540 lb) is hydrogen and two 

thirds (3080 lb) is oxygen. Weights of the insulation, boil-off and tankage were calculated 

assuming one H2 tank and one O2 tank per trailer. Table 6-4 gives the results. 

6.3.3.4 H2-0, Engine Integrated Design Component Sizing 

Figure 6-5 is a schematic presentation of the waste heat dissipation loop for the H2-02 

engine. 

THERMINOL TO I 500°F 

THERMINAL H/X 

Hz-O2 COM- 

BUSTION ENGINE 

LIFE SUPPORT 
SYSTEM 

Figure 6-5. Schematic of Waete Heat Dissipation Loop for Engine HZ-O2 

The life support system heat exchanger has been sized to accommodate the peak Ioad. 

During locomotion periods (5 hours/day) this load is on the order of 2500 watts, the remain- 

der of the time the load is reduced to 575 watts. The peak waste heat load during locomotion 
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TABLE 6-4. INTEGRATED HYDROGEN-OXYGEN ENGINE SYSTEM 

Engine system, 3 at 80 lb 

Radiators 

Total propellant and tankage 

Hydrogen and H2 tankage 

Net hydrogen 

Boil-off 

Insulation 

Tankage 

Oxygen and O2 tankage 

Net oxygen 

Boil-off 

Insulation 

Tankage 

Total power system weight 6810 lb 

Three trailers at 600 lb 1800 

Life support oxygen 350 

Gross power system 8960 lb 

H2 tank diameter = 7.12 ft 

O2 tank diameter = 3. 5 ft 

System Weight (lb) 
~-.-_ 

240 

230 

6340 

2720 

1540 

370 

330 

480 

3620 

3080 

280 

90 

170 
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periods from the combustion engine is on the order of 2564 watts which matches the required 

life support power requirements. The peak load during non-locomotion periods is 850 watts 

so that the radiator size is based on carrying a peak load of 850-575 or 275 watts. A 

radiator for this purpose if estimated to weigh 0.62 lb with an area of 0.88 sq ft. A sche- 

matic of one possible arrangement is shown in Figure 6-6. 

COOLANT 
LINES 

Figure 6-6. Integrated H2-02 Combustion Engine Radiator Configuration 

RADIATOR MATERIAL: BERYLLIUM 
COATING: as = 0.2, E = 0.9 
CONFIGURATION: HORIZONTAL 
COOLANT: THERMINOL FR-1 

The heat exchanger (Figure 6-7) is a counterflow tube/shell heat exchanger. This heat 

exchanger has been sized for the peak load of 2500 watts. ‘Ihe circuit control is achieved 

by a series of bypass lines so as to: (1) allow a constant flow rate through the combustion 

engine; (2) maintain a fixed radiator outlet temperature; and (3) maintain constant temper- 

ature conditions at the inlet and outlet to heat exchanger. The basic design parameters for 

the weight optimized heat exchanger are given below. 

H2- O2 Engine Heat Exchanger (H/X) Design Parameters 

Heat exchanger weight = 13.3 lb 

Pump work = 30.5 watts 

Overall H/X diameter = 2.26in. 

Overall H/X length = 5 feet 

Tube inside diameter = 0.18 in. 

Tube spacing = 0.22 

Tube wall thickness = 0.15 in. 
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Shell wall thickness = 0.1 in. 

Feedline inside diameter = 0.716 in. 

Number of tubes = 20 

t -,A 
t 

6 -ar-li $g!3%i - HOT FLUID 

0 
A-A 

A 

t 
COLD FLUID 

Figure 6-7. Heat Exchanger Configuration 

6.3.3. 5 Water Recovery System 

The water is recovered by the same method as used in the non-integrated case. The maxi- 

mum power per engine is 5. 
2 

= 2.72 kw (see Table 6-3). At 940 watts rejection per 

kw the condenser load is 2.56 kw. This results in a radiator area of about 70 sq ft and a 

weight of about 55 lb. 

6.4 DISCUSSION 

Estimates have been made of the weights of the non-integrated and integrated hydrogen- 

oxygen engine systems for the 45-day lunar mission. The method of thermal integration 

has been indicated. Some additional considerations are: 

a. The nonintegrated system requires four trailers and the integrated system three 

trailers. Problems of locomotion and interconnection of this number of trailers 

have not been considered in detail. 
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b. The development progr,.d for the H2-03 engine had a goal of 350 hours of 

uninterrupted engine life. However, the components in the engine have not been 

proven in any prolonged engine run greater than 100 hours (Reference 6-l). A 

formidable problem is the design of the oxygen injector which must open and 

close in about 1.5 milliseconds in a highly oxidizing environment. 

C. Oil consumption must be kept to a minimum. The exhaust gas (hydrogen and 

steam) will be contaminated by the oil and any water obtained from the exhaust 

must be filtered because of this contamination. 

d. The engines are started with battery power and the pressure energy of the 

propellants. There may be a need to preheat the propellants with electrical 

heaters during start-up. The batteries must be temperature controlled and the 

engines may require protection from the hard vacuum to prevent cold welding of 

the engine parts. 

e. The control system will consist of pressure regulators, valve timing mechanisms, 

temperature controlled valves, and other components. An optimum control 

system has not been defined. 
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SECTION 7 

HYPERGOLIC ENGINE POWER SYSTEM 

7.1 INTRODUCTION 

The light weight of small internal combustion engines and their ability to closely approach 

the optimum thermodynamic cycle suggests their application to space missions. The 

approach in this section concerns the use of hypergolic (immediate ignition on contact) pro- 

pellants in this type of engine. Hypergolic propellants are highly energetic and require no 

ignition system, but are dependant on an exact injection system. The engines drive ac gen- 

erators which furnish the mission energy requirements. Figure 7-l depicts a possible pow- 

er system equipment arrangement on the lunar roving vehicle trailer module. 

7.1.1 DESCRIPTION OF SYSTEM 

The hypergolic engine to be considered is a reciprocating, internal combustion engine oper- 

ating on N2O4 oxidizer and 0.5 UDMH/6.5 N2H4 fuel. The engine, designated SPU-2’, has 

been. designed by the Marquardt Corporation (References 7-l and 7-2). Hypergolic combus- 

tion occurs at approximately top-dead-center of the piston travel, the cycle being similar 

to that of the two-stroke Otto cycle (see Figure 7-2). The propellants are injected as liq- 

uids. The basic flow system is shown in Figure 7-3. 

7.1.2 CRITICAL ENGINE PARAMETERS 

Au analytical study has predicted a minimum specific propellant comsumption (SPC) of 3.3 

lb/kw-hr. The results of the engine tests indicate a SPC of 4.0 lb/hp-hr (5.36 lb/kw-hr). 

For the purposes of this study, the latter figure is used. This SPC occurs at an oxygen to 

fuel ratio (O/F) of 1.5. This is the value used here. 
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Figure 7-1. Hypergolic Power System Equipment 
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7.2 SYSTEM SIZING 

7.2.1 MISSION ENERGY REQUIREMENTS 

The typical power profile is presented in Figure 3-4. The hypergolic engine system requires 

that the closed loop (processed CO2) curve be used. However, this profile must be modified 

since it is based on a one trailer system. The hypergolic system will require ‘N’ trailers. 

Each additional trailer increases the power required during locomotion by 800 watts. Loc- 

omotion occurs five hours per day. Thus each additional trailer increases the average 

power by 5/24 x 0.8 = 0.167 kw. The average power for the one trailer system, from Fig- 

ure 3-4, is 2.95 kw. One third of this is to be converted to dc with a conversion efficiency 

of 0.92. This gives a power conversion penalty of about 90 watts. It is assumed that there 

is no conditioning penalty associated with ac power (since it is included in the S PC calcula- 

tion). The average gross power is then 

2.77 + 0.167 N kw 

me maximum gross power is 

4.44+0.8N kw 

The minimum gross power is 

2.14 kw 

7.2.2 ENGINE SYSTEM WEIGHT (EXCLUDING PROPELIANT) 

The weight of the engine system, including radiator and electrical generator, for a 3 kw 

load is given as 150 lb. As a first aPProximation, it will be assumed that there is one eng- 

ine for every two trailers, as long as this number can supply the peak power. Then the 

total engine weight is 150 x N/2 = 75N lb. 

150 
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7.2.3 PROPELLANT WEIGHT 

The propellant required = SPC x Pave x Time 

= 5.36 lb/kw-hr x (2.77 + 1.67N) kw x 1080 hr 

= 16,050 + 965 N lb 

Fuel required = 
16,050 + 965 N 

1 + O/F 
= 6,430 + 386N 

Oxidizer required = (6430 + 386N) x O/F = 9,640 + 578N 

7.2.4. NUMBER OF TRAILERS REQUIRED 

Each trailer can weigh 3000 lb of which 2400 lb is payload. The number of trailers required 

is then the power system weight divided by 2400. 

N= 75N + (16,050 + 965N) 
2400 

N = 11.8 trailers 

See Table 7-l for the resultant weights. 

7.2.5 INTEGRATED SYSTEM WEIGHT 

The gross effect of thermally integrating this power system will be a reduction in the amount 

of propellant required. This reduction is possible because much of the life support power 

requirements can be obtained from the waste heat of the engine. When operating at an O/F 

of 1.5, the heat loss from the engine is approximately equal to the engine brake output 

(Reference 6-l). When the system is integrated, about 1.19 kw of waste thermal power 

from the engines can be substituted for about 0.99 kw of electrical power. This reduces the 

net electrical power and the previous calculations of Section 7.2 can be repeated taking this 
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TABLE 7-l. NONINTEGRATED HYPERGOLIC ENGINE SYSTEM 

Configuration and Power 

Number of Trailers 12 

Number of Engines 6 

Mission Gross Energy 5150 kw-hr 

Net Energy (One Trailer) 3080 kw-hr 

Additional Trailer Energy 1980 

DC Conversion Loss 90 

Average Gross Power 4.77 kw’ 

Maximum Gross Power 

Minimum Gross Power 

14.04 kw 

2.14 kw 

Weights 

Engine System Weight 

Propellant Weight 

Fuel 

Oxidizer 

Total 

11,000 lb 

16,600 lb 

27,600 lb 

28,500 lb 
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reduction of power into account. The results are given in Table 7-2. 

7.3 DISCUSSION 

There are a number of problems associated with the hypergolic engine system which were 

not considered in detail. Among these are the large number of trailers involved and the 

problem of transferring propellant and thermal integration fluid from trailer to trailer to 

cabin. This problem could best be eliminated by changing the mission constraints to allow 

refueling from a central location, and using the RTG for thermal energy to operate the life 

support processes. 

There is also a problem of propellant storage. The propellants should be stored between 

20°F and 140°F. Passive thermal control (super-insulation) may be possible during storage. 

Active thermal control may be necessary as the tanks empty. Iu general, the larger the 

propellant tanks, the easier will be thermal control. 

Additional weight penalties not included in Tables 7-l and ‘7-2 include the 750 lb of water 

needed for space suit cooling. Any water produced by the hypergolic reaction is not col- 

lected as it is in the fuel cell system. Each trailer also has 600 lb of structural weight that 

must be considered as a mission weight penalty. 
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7-1. KessIer, J. R., “Hypergolic Fueled Reciprocating Space Power Unit”, AIAA Paper 
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TARLR 7-2. INTEGRATED HYPERGOLIC ENGINE SYSTEM. 

Configuration and Power 

Number of Trailers 

Number of Engines 

Mission Gross Energy 

Net Energy (One Trailer) 2030 kw-hr 

Additional Trailer Energy 1260 

DC Conversion Loss 80 

Average Gross Power 

Minimum Gross Power 

Minimum Gross Power 

8 

4 

3370 kw-hr 

3.13 kw 

9.86 

1.16 

Weights 
. -_ .--- --- -- --~..---__-_ 

Engine System Weight 600 lb 

Propellant Weight 18,100 

Fuel 7240 lb 

Oxidizer 10,860 

Total 18,700 lb* 

Diameter of tuel tank - 3.5 ft 

Diameter of oxidizer tank _ 3.5 ft 

*Does not include weight of trailers 
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SECTION 8 

ISOTOPE BRAYTON POWER SYSTEM 

8.1 INTRODUCTION 

Using weight as the criterion, the length and power requirements of this mission suggest 

the use of ‘isotope power systems. Chemical systems require large amounts of reactants. 

Nuclear reactors prcducing the desired power level are probably too large or operate at too 

low a temperature, as discussed in Reference 8-3. Solar power systems are ruled out be- 

cause of the long lunar nights. It is probable that dynamic systems would have a lower 

specific weight than static thermal energy converters. This section considers a dynamic 

system using the Brayton thermodynamic cycle with argon as the working fluid. Using an 

inert gas eliminates condensation and corrosion problems. Figure 8-l depicts a possible 

power system equipment arrangement on the lunar roving vehicle trailer module. 

8.2 NON-INTEGRATED SYSTEM 

8.2.1 DESCRIPTION 

A basic temperature-entropy diagram for the Brayton cycle is shown in Figure 8-2. Heat 

is generated by the isotope source and rejected by a radiator with power being obtained from 

.a turbine located in the working-fluid (argon) loop. The recuperator makes a higher effi- 

ciency possible. Systems of this type have been considered in References 8-l and 8-2. 

General information is contained in Reference 8-3. 

The thermodynamic cycle consists of the following operations. Referring to Figure 8-2, 

process l-2 is the nearly isentropic compression of the argon. Processes 2-3 and 3-4 are 

the nearly constant pressure heating in the recuperator and heat source respectively. The 

argon is expanded through the compressor turbine, 4-5 and the power turbine, 5-6. Heat 

is given up to the recuperator during process 6-7 and to the radiator, 7-l. 
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figure 8-2. Brayton Cycle 

Figure 8-3 is a functional diagram of the Brayton Power System. The compressor and 

alternator work is supplied by separate turbines to take advantage of desirable operating speeds. 

The compressor rotates at 67,500 rpm, while the alternator operates at 12,000 rpm to 

generate 400 Hz power. The heat is removed from the isotope source by a NaK eutectic 

soltiion and is transferred to the argon working fluid through a heat exchanger. Use of NaK 

for heat removal minimizes isotope source size and weight. Following recuperation, (heat 

transfer from the low pressure side to the high pressure side of the working fluid) the 

remaining waste heat is removed by argon-therminol and argon-freon heat exchangers. 

Liquid tube radiators associated with each heat exchanger reject the waste heat to space. 

Liquid radiator systems are lighter and have smaller tubes than gas radiator systems. 

Another cooling loop is provided for rejecting waste heat from the bearings, alternator 

and power conversion equipment. Speed control of the gas generator is accomplished by a 

gas bypass control and the speed of the power unit is controlled by a parasitic load on the 

alternator. 
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Reliability considerations require that two gas generators and alternators be provided for 

redundancy. It is possible to operate both units cuntinuously at half load or to operate one 

at full load with the standby unit shut down. This latter mode of operation requires a 

smaller isotope source since the power units are more efficient at the higher power level. 

Primarily for this reason, the “one operating plus one stand-by” configuration was chosen. 

Argument csn also be made that certain types of failure such as contamination of the argon 

could damage both turbines if both were on line. Batteries are available for power during 

switch over. Power for starting is obtained from argon stored at high pressure. 

8.2.2 POWER REQURXEMENTS 

The mission net power profile is given in the design guidelines, Figure 3-4. The closed 

loop CO2 system is used with the isotope power systems. The average power level is 

2.95 kw. However, 100 watts of this can be supplied by the RTG, leaving 2.85 kw net 

power to be supplied by the isotope dynamic system. The design guidelines are that one- 
, 

third of the power is dc and two-thirds is 400 Hz ac. It is assumed that this division of 

power is constant during the mission. 

The power profile of the mission presents problems to the isotope dynamic system. The 

isotope source produces an essentially constant amount of power. If a variable power load 

is to be drawn from the source, some thermal energy must be lost or provisiun must be 

made for thermal storage. If no storage is used, the source must be sized for the peak 

load. This would pose an excessive penalty. Thermal storage is to be avoided since the 

thermal efficiencies of the system require that four to six times as much energy would have 

to be stored as energy required for the load peaks. This type of operation would also require 

the turbine to operate at a varying power level. Operation at other than design point decreases 

efficiency and may result in other problems such as speed control. All these problems can 

be eliminated by averaging the profile before the turbine sees it. Batteries can accomplish 

this. The approach taken is to provide enough battery*capacity so that the turbine-alternator 

works in to an essentially constant load. Therefore the isotope source size is reduced to a 

minimum and the turbine can be designed for maximum efficiency at a given operating point. 
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Batteries must be available for emergency conditions so all the battery weight penalty csn 

not be charged to the constant alternator power type of operation. Power conditioning com- 

ponents were identified so that conditioning losses and power level could be calculated. The 

component efficiencies were that obtained from the design guidelines. The configuration and 

efficiencies are shown in Figure 8-4. 

Additional power requirements include 5 percent of the alternator output for speed control. 

Also about 10 watts are required for NaK loop pump power, about 5 watts for the main 

radiator liquid loop and about 5 watts for the bearing cooling loop. The total shaft power is 

obtained by including bearing losses and alternator inefficiency. These were estimated 

from Reference 8-l. Table 8-l is a summary of the power requirements. 

TABLE 8-l. ISOTOPE BRAYTON POWER REQUIREMENTS (NONINTEGRATED) 

. Net Electrical Power 

Average Power Conditioning Loss 

Battery 0.180 
Ac-dc 0.114 
Dc-ac 0.104 
BCR 0.050 
Diode 0.008 
Dc-ac 0.004 

Pump Power (Therminol and Freon) 

NaK Pump Power 

Speed Control 

Total Electrical Power 

Alternator Loss ( = 0.865) 

Bearing Loss (power unit) 

Total Shaft Power 

2.85 kw 

0.46 

0.01 

0.01 

0.18 

3.51 kw 

0.57 

0.30 

4.38 kw 
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8.2.3 BEAT BALANCE 

A cycle analysis can be made to determine the argon flow rate, the isotope source size 

and the heat rejection rate. The analysis is simplified since argon can be considered a 

perfect gas in this application. Table 8-2 is a summary of the cycle analysis. The given 

quantities are representative of systems under development and were used in References 8-l 

and 8-2. The results give the power turbine work as 15.8 kw per lb of argon per sec. 

Since the shaft work is 4.38 kw, the required flow rate is 0.277 lb/set. Prom the cycle 

analysis and flow rate, the heat added is 17.6 kw and the heat rejected from the power loop 

is 12.4 kw. 

Table 8-3 is a power balance of the system. The net electrical power is dissipated else- 

where. Secondary cooling loops provide thermal control for the power conditioning equip- 

ment, the bearings, speed control and alternator. The batteries are to be mounted on the 

cabin unit. The source input must equal the power output. 

8.2.4 ISOTOPE SOURCE 

The isotope source for the Brayton system consists of radioactive material in a suitable 

container, a NaK heat transfer loop for transfering the heat from the source to a NaK-argon 

heat exchanger, and a shield to protect the crew from the nuclear radiation. Safety con- 

siderations are of primary importance. An analysis of the requirements and a conceptual 

design of the source can be found in Appendix C. From Table 8-3, the required source 

thermal power is 17.8 kw. Estimates of source subsystem characteristics from data in 

the appendix are as follows: 

Source Size Length “D”-17.9 inches, Diameter “C” 18.4 inches 
Shield Weight 290 lb 
Re-entry Protection Weight 227 lb 
Total Subsystem Weight 915 lb 
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TABLE 8-2. BlUYTON CYCLE ANALYSIS (NONINTEGRATED) 

Given Quantities 

Compressor Inlet Temperature, T1 

Turbine Inlet Temperature, T4 

Compressor Inlet Pressure, P1 

Compressor Pressure Ratio P2/P1 

Compressor Efficiency 

Compressor Turbine Efficiency 

Power Turbine Efficiency 

Recuperator Effectiveness 

Gas Generator Bearing Losses 

Recuperator Pressure Drop, Cold Side, (P2-P3) 

Heat Source Pressure Drop, (P3-P4) 

Recuperator Pressure Drop, Hot Side, (P6-P7) 

Radiator Pressure Drop (P7-P1) 

53S”R 

1950°R 

6.0 psia 

2.3 

0.80 

0.83 

0.84 

0.90 

0.80 kw 

0.14 psi 

0.69 psi 

0.05 psi 

0.32 psi 

Cycle Points ~1 
Station T (OR) 

1 536 
2 801 
3 1467 
4 1950 
5 1663 
6 1543 
7 877 

P (psia) 

6.00 
13.80 
13.66 
12.97 

7.97 
6.37 
6.32 

Power Turbine Work per lb kw-set = Cp (T5-T6) = 15.8 lb 

Heat Added per lb = cp (T4-T3) = 63.5 “,;a”” 

Heat Rejected per lb = Cp (T7-T1) = 44.8 
kw-set lb 

w = 0.277 lb/set 
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TABLE 8-3. BRAYTON SYSTEM POWER BALANCE (NONINTEGRATED) 

Electrical Power Out 

Radiation from Secondary Radiator 

Power Conditioning Loss 0.28 kw 

Speed Control 0.18 

Alternator Loss 0.57 

Bearing Cooling 1.10 

Radiation from Primary Radiator 

Battery Heat Loss 

Ducting Thermal Loss 

2.85 kw 

2.13 

12.40 

0.18 

0.24 

Total Power Out 

Source Power Required 

‘8.2.5 HEAT REJECTION SYSTEM 

17.8 kw 

17.8kw 

The requirements of the primary heat rejection system of the nonintegrated Brayton system 

include the following: 

a. It must dissipate 12.4 kw of waste thermal power. (See Table 8-3). 

b. It must provide an argon compressor inlet temperature of 536OR. 

c. It must be contained on the power system trailer. (See Figure 8-5 for the radiator 

envelope. ) 

d. It must operate in the lunar environment. (See Section 3.1.4 for a description of 

the lunar thermal environment. 

Two types of heat rejection systems are considered that fulfill these requirements. Section 

8.2.5.1 describes a system utilizing argon-to-liquid heat exchangers with fin and tube liquid 

radiators. Section 8.2.5.2 considers the use of a vapor fin radiator. 
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figure 8-5. Radiator Envelope for Power System Mounted on Trailer Module 

8.2.5.1 Liquid Loop Exchangers and Radiator 

The approach taken is to provide two argon-to-liquid heat exchangers with corresponding 

liquid radiators . Figure 8-6 shows the arrangement. A discussion and design data can be 

found in Appendix D. The higher temperature radiator (No. 1) occupies the vertical portion 

of the radiator envelope and the lower temperature radiator (No. 2) is horizontal. The 

horizontal radiator has the lower sink temperature so maximum use is made of this part 

of the envelope. Based on the calculations in Appendix D, the following sizes and weights 

are determined for dissipation of the 12.4 kw. 

Size Weight 

Radiator No. 1 126 ft2 31 lb 
Radiator No. 2 144 ft2 94 lb 
Heat Exchanger No. 1 0.4 ft3 19 lb 
Heat Exchanger No. 2 1.0 ft3 36 lb 

Total radiator area = 270 ft2, Total weight 180 lb 
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8.2.5.2 Vapor Fin Radiator 

The vapor fin is potentially a very useful heat transfer device which has been under study 

and development for several years. The operating mechanisms involved in this device are 

indicated in Figure 8-7. Essentially, the vapor fin is a duct, partially filled with a working 

fluid, having one or more localized wall surfaces which are externally heated and also wall 

areas from which heat is removed. Through the combined agencies of working fluid evapora- 

tion, vapor flow, condensation and liquid refluxing, this duct functions as a heat transfer 

fin of near unity effectiveness. By properly selecting the fin working fluid in relation to the 

desired operating temperature level, the internal pressure can be kept low and the fin 

envelope can be very light in weight. 

Factors of critical importance in vapor fin performance are the capillary structures which 

are attached to the internal heat input surfaces and also those attached to the surfaces along 
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which liquid condensate refluxing must occur. The heat input surface capillary structure is 

essential- in all vapor f3n applications. This structure is the boiler pump that distributes 

liquid over the heat input surface, regardless of its orientation in a gravity field, and 

which implements and stabilizes the evaporation process so as to achieve vapor generation 

with a minimum temperature difference between the heat input surface and the vapor satura- 

tion temperature. Further, the boiler pump structure stabilizes the location of vapor- 

liquid interfaces across which the pressure rise, necessary for the motivation of the two- 

phase flow is produced. For the heat transfer requirements of the radiators described 

herein, which are well below experimentally established limits, a simple square weave 

screen in two layers suitably interrupted for vapor release and spot welded to the vapor 

fin heat input surfaces, will suBice for the heat input surface capillary structure. 

For static operation of a vapor fin in a gravity field, reflux surface capillaries are not 

required, as long as the fin tube axis is horizontal, or oriented with the vaporization 

surface below the condensing surface. However, in order to provide stabilization of the 

reflux stream in a moving vehicle and also to provide for refluxing in a tilted orientation 

of the radiator involving an uphill operation, reflux surface capillaries are required. For 

the reflux rates required in the low lunar gravity, even under conditions of 10 degrees tilt 

of the vehicle, a single layer screen insert, as shown in Figure 8-7 will be quite adequate. 

The vaporization surface capillary structure is a two-layer continuation of the single layer 

reflux surface screen. 

Experimental data has been generated which shows the capillary boiler pump flow-head 

performance (using water as the working fluid) substantially in excess of that required by 

the study designs presented below. Some of this is presented in Figure 8-8. This overall 

temperature difference between the heat input and heat rejection surfaces of the vapor fins 

provided in the designs herein is on the order of lOoF. 

The proposed vapor fh~ radiator design concept is illustrated in Figures 8-9 and 8-10. The 

overall configuration meets the space limitations specified in Figure 8-5. 
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As shown in Figure 8-9 the radiator structure consists of a 270’ cylindrical segment portion 

surmounted by a square plane. The high temperature portion of the radiator is the cylindrical 

portion, since this sees the highest effective sink temperature. The argon duct is continuous 

between the two sections. 

The vapor ti radiator structure incorporates a single argon duct into which flow is intro- 

duced at both ends and from which flow is removed at the center. Internal fins receive 

heat by forced convection and conduct it to the duct outer wall surface, which forms the 

vaporization surface of each attached vapor fin, oriented at 90 degrees to the argon duct. 

There are a large number of individuaBy sealed vapor fins, each of which operates at its 

own temperature level, corresponding to the temperature of the argon at the section of the 

argon duct to which the individual vapor fin is attached. 
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The design modification shown in Figure 8-10 although it is somewhat more complex to 

fabricate than the design of Figure 8-9 has the advantage of higher convective fin effective- 

ness for a given fin thickness, and, also, less argon duct surface exposed to meteorite 

impact, with resulting reduction in duct weight. 

The advantages offered to the lunar roving vehicle power plant design by the vapor fin 

concept include the following: 

a. Minimum radiator size for given heat rejection rate and heat sink requirements. 

This results from the high effectiveness of the vapor fins, and also from the 

elimination of the argon-to-radiator fluid heat exchanger, A T. 

b. System simplification by virtue of providing direct radiator cooling of the argon. 

By concentrating the argon in a single duct enclosed within the vapor fin structure, 

the high armor weight of the conventional argon radiator is eliminated. 

The calculations and design of the vapor fin radiator are given in Appendix E. The results 

are that for 12.4 kw of heat rejection, the total area required is 227 R2 at a weight of 154 lb. 

8.2.5.3 Comparison of Heat Rejection Methods 

The vapor fin radiator is 26 pounds lighter and has 43 square feet less vertical radiator 

area than the fin tube design. This comes about because the vapor fin radiator fin efficiency 

approaches 1 with a relatively lightweight design, while the fin tube design achieves its 

lightest design at a lower fin efficiency. Also, the vapor fin has two-path direct argon flow, 

while the fin tube system has several tube runs and two argon to liquid heat exchangers. 

The fin tube radiator has an advantage in folding ease for storage within the booster shroud 

envelope. 
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The vapor fin radiator has these additional advantages: 

a. Does not require radiator loop pumps. 

b. Self-compensation for variable load operation. 

c. Provides greater parallel heat rejection reliability from meteorite punctures, 

due to fin heat rejection sharing. 

d. Better adjustment to radiator fluid freezing such as in the dormant period. 

8.2.6 OTHER COMPONENTS 

8.2.6.1 Turbomachinery 

Cycle thermodynamic efficiency is a function of compressor pressure ratio. Analysis 

shows that maximum efficiency at the desired inlet temperature occurs at a pressure ratio 

of about 2.3. A single stage centrifugal compressor rotating at 67,500 rpm, with an inlet 

pressure of 6 psia and the desired pressure ratio of 2.3, satisfies the compressor require- 

ments. The compressor turbine is the radial inflow type integral with the shaft. The 

estimated weight of the turbocompressor gas generator unit is 34 lb. Its approximate size 

is 12 inches in diameter and 16 inches in length. 

The turboalternator consists of a single stage turbine and a 4-pole homopolar alternator. 

The rotation speed is established by the frequency and power requirements. Power at 

400 Hz can be generated with 12,000 rpm shaft rotation. Alternator efficiency as a function 

of design power is given in Figure 6-23 of Reference 8-l. Weight estimates are given in 

Figure 6-24 of Reference 8-2. At the 3.51 kw level, the alternator efficiency is 86.5%. 

The power unit weight is 52 lb for 2.85 kw net power. 
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8.2.6.2 Recuperator 

The recuperator is based on a design given in Reference 8-1. It has an effectiveness of 0.9. 

The pressure drop in the hot side is 0.14 psi and in the cold side is 0.05 psi. Its estimated 

size is 24 x 24 x 12 inches, or 1152 cubic inches. It weighs about 140 lb (Figure 11-27 

in Reference 8-2). 

8.2.6.3 Battery 

The battery supplies the energy storage capability so that the alternator can operate at a 

continuous constant load. Referring to the power profile, Figure 3-4, the maximum battery 

storage will be needed for the three peaks including the experiment activity. The net energy 

storage for these three peaks is 14.0 kw-hr. If a 50 percent depth of discharge is used, 

the required battery size is 28.0 kw-hr. The batteries will be discharged to this 50 percent 

level once every three days or 15 times during the mission. Much lesser depths of dis- 

charge will occur at each power peak or 120 times. The effective number of cycles corres- 

ponding to a 50 percent depth of discharge will be between 15 and 120. Silver-zinc batteries 

appear to be capable of operation under these conditions. It is desirable to use this type of 

battery since Ag-Zn has a high energy density. 

A reasonable energy density, allowing for near term future development, is 50 watt-hr 
lb . 

This figure gives a battery weight of 560 lb. Its approximate size is 12 x 12 x 36 inches, 

or 5184 cubic inches. 

The battery is mounted on the cabin to be readily available for emergency power in case of 

a coupling failure between the cabin and power trailer. 
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8.3 INTEGRATED SYSTEM 

8.3.1 DESCRIPTION 

Waste heat from the nonintegrated Brayton system is lost to space through the main radia- 

tor. It is the purpose of thermal integration to ‘make use of some of this thermal energy 

in the life support system. This is accomplished by the addition of a heat exchanger to the 

argon loop at a point where the argon exits the hot side of the recuperator (see Figure 8-3). 

A temperature of about 415OF is available. The thermal energy extracted from this heat 

exchanger is used in the life support system. This results in a reduction in the electrical 

power requirements. Also, the power system radiator size is reduced. With the exception 

of the life support heat exchanger, the basic integrated power system configuration is the 

same as the nonintegrated system. The integrated system is sized for the reduced electrical 

load. Table 8-4 presents component weights for the nonintegrated Brayton system. 

TABLE 8-4. lSOTOPE BRAYTON SYSTEM WEIGHT (NONINTEGRATED) 

Isotope source subsystem 

Turbocompressor (2) 

Turboalternator (2) 

Recuperator 

Controls subsystem 

Support structure and piping 

Main radiators 

Heat exchangers (heat rejection system) 

Secondary heat rejection system 

Power system weight 

Water for suit cooling 

Ucomotion subsystem 

Total trailer weight 

*Approximate 

175 

915* lb 

68 

104 

140 

108 

260 

125 

55 

38 

1813 lb 

750 

600 

3163 lb 



8.3.2 POWER REQUIREMENTS 

The mission net power profile for the nonintegrated system is given in Figure 3-4. The 

integrated system also uses the closed-loop CO2 system. Referring to Sections 4.4 and 4.7, 

the electrical power requirements of the life support system are 1741 watts for the non- 

integrated system and 748 watts for the integrated 400’F system. Therefore the integrated 

electrical power is (1741-748) or 993 watts less than the nonintegrated case. Subtracting 

this amount and the 100 watts of RTG power from the curve of Figure 3-4, the average net 

electrical power required for the integrated system is 1.88 kw. One-third of the power is 

dc and two-thirds is 400 Hertz ac. 

The same approach is taken with the integrated as was taken with the nonintegrated system 

in that batteries are provided to average the load. The same power conditioning configuration 

and efficiencies are used, (see Figure 8-3). 

Table 8-5 is a summary of the power requirements. The average power conditioning loss 

is 410 watts. The losses of the different components are itemized in the table. The pump 

power is about the same as the nonintegrated case. Speed control amounts to 5 percent of 

the total electrical power. Alternator efficiency is estimated from Figure 6-23 of Reference 

8-l. The rotation speed is the same as the nonintegrated case, so it is estimated that the 

bearing losses will be approximately the same. The total shaft power is 3.15 kw. 

8.3.3 HEAT BALANCE 

The cycle analysis is repeated for the integrated system using slightly lower component 

efficiencies. The compressor, compressor turbine and the power turbine efficiencies were 

all reduced by one percentage point since these components are usually less efficient as 

their size is decreased. The gas generator and power unit bearing losses were kept the 

same as the nonintegrated values. The temperatures and pressures at the given cycle points 

were not changed. Table 8-6 is a summary of the cycle analysis. The results give the 

power turbine work as 14.45 kw per lb of argon per second. Since the shaft work is 3.15 kw, 

176 



the required flow rate is 0.218 lb/set. From the cycle analysis and flow rate, the heat 

added is 13.7 kw and the heat rejected is 9.77 kw. 

TABLE 8-5. ISOTOPE BRAYTON POWER REQUIREMENTS (INTEGRATED) 

Net electrical power 

Average power conditioning loss 

Battery 0.18kw 

Ac-dc 0.09 

Dc-dc 0.07 

BCR 0.05 

Diode 0.01 

Dc-ac 0.01 

Pump power (Therminol and Freon loops) 

Pump power (NaK) 

Speed control 

Total electrical power 

Alternator loss (r, = 0.855) 

Bearing loss (power unit) 

Total shaft power 

1.88 kw 

0.41 

0.01 

0.01 

0.12 

2.43 kw 

0.42 

0.30 

3.15 kw 

Table 8-7 is a power balance on the system. The net electrical power and battery loss are 

dissipated elsewhere. A secondary cooling loop removes the power conditioning losses, 

speed control, alternator losses and bearing cooling. This amounts to 1.87 kw. Section 4.6 

gives the thermal power to the life support system as 1191 watts for the 400°F case. This 

amount of power is subtracted from the cycle waste heat to obtain the required power 

rejection from the primary radiator, (9.77-l. 19 = 8.58 kw). 

The ducting loss is assumed to be one to two percent. The total power out is 13.9 kw 

which must equal the source power. 
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TABIX 8-6. BRAYTON CYCLE ANALYSIS- (INTEGRATED) 

Given Quantities 

Compressor Inlet Temperature, Tl 536’R 

Turbine Inlet Temperature, T4 195O’R 

Compressor Inlet Pressure, Pl 6.0 psia 

Compressor Pressure Ratio P,/Pl 2.3 

Compressor Efficiency 0.79 

Compressor Turbine Efficiency 0.82 

Power Turbine Efficiency 0.83 

Recuperator Effectiveness 0.90 

Gas Generator Bearing Losses 0.80 KW 

Recuperator Pressure Drop, Cold Side (P2 - P3) 0.14 psi 

Heat Source Pressure Drop, (P3 - P4) 0.69 psi 

Recuperator Pressure Drop, Hot Side, (P6 - P7) 0.05 psi 

Radiator Pressure Drop (P7 - Pl) 0.32 psi 

Cycle Points 

Station T (OR) (psia) P 

1 536 6.00 
2 804 13.80 
3 1472 13.66 
4 1950 12.97 
‘5 1657 7.84 
6 1547 6.37 
7 877 6.32 

Power Turbine Work per lb = Cp (T5-T6) = 14.45 
kw-set 

Ib 

Heat Added per lb = Cp (T4-T3) = 62.9 
kw-set 

Ib 

Heat Rejected per lb = Cp (T7-Tl) = 44.8 
kw-set 

Ib 

1$ = 0.218 lb/set 
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TABLE 8-7. BRAYTON SYSTEM POWER BALANCE (INTEGRATED) 

-__ 

Electrical power out 

Radiation from secondary radiator 

Power conditioning loss 0.23 

Speed control 0.12 

Alternator loss 0.42 

Bearing cooling 1.10 

Battery heat loss 

Thermal power to life support 

Radiation from primary radiator 

Ducting thermal loss 

Total power out 

Source power required 

1.88 kw 

1.87 kw 

0.18 kw 

1.19 kw 

8.58 k-w 

0.20 kw 

13.9 kw 

13.9 kw 

8.3.4 ISOTOPE SOURCE 

The required amount of isotope heat for the integrated system is 13.9 kw, see Table 8-7. 

The basic design, source configuration and safety requirements are identical to the non- 

integrated system and may be found in Appendix C. The following estimates can be made 

for a 13.9 kw source. 

Shield weight 270 lb 
W-entry protection weight 221 lb 
Total subsystem weight 795 lb 

8.3.5 HEAT REXECTION SYSTEM 

To obtain thermal energy for the life support system, a heat exchanger is added in the argon 

loop between the recuperator and the heat rejection system. The argon exits the recuperator 

at 415OF. Allowing for a temperature drop between the argon and the thermal integration 
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fluid, thermal energy at the 400’ level can be supplied to the life support system. Section 4.7 

gives the required amount of thermal power as 1191 watts at 400’F. The closed loop (oxygen 

recovery) system is used with the isotope power systems. From Table 8-7, the cycle waste 

power (after subtracting the 1191 watts) tobe dissipated by the radiator is 8.58 kw. 

The radiator envelope and operating constraints for the integrated heat rejection system are 

identical to the nonintegrated case. The two types of radiators, liquid loop and vapor fin, 

are also considered for the integrated heat rejection. 

8.3.5.1 Liquid Loop Exchanger and Radiator 

The integrated arrangement is the same as the nonintegrated except that an additional heat 

exchanger (for life support) is in the argon loop between the recuperator and the first 

radiator heat exchanger. The temperature of the argon leaving the life support heat exchanger 

is about 835’R. The amount of heat to be radiated is 8.6 kw. Based on the material in 

Appendix D, the following sizes and weights were determined for the integrated heat 

rejection system. 

Size Weight 

Radiator No. 1 51 ft2 12.6 
Radiator No. 2 140 ft2 73.0 
Heat Exchanger No. 1 1.5 ft3 35.0 
Heat Exchanger No. 2 2.2 ft3 31.4 

Total radiator area = 191 ft2 Total weight = 152 lb 

8.3.5.2 Vapor Fin Radiator 

The vapor fiu radiator for the integrated case is the same design as for the nonintegrated 

case except it is sized for a 8.6 kw load. The results (see Appendix E) are that for 8.6 kw 

of heat ejection, the area required is 158 sq ft and the weight is 110 lb. The heat exchanger 

for the life support thermal power used with the vapor fin radiator is identical to the one 

used with the liquid loop radiator. 
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8.3.5.3 Comparison of Heat Rejection Methods for Integrated System 

The vapor fin rejector system is 33 sq ft smaller and 42 pounds lighter than the fin tube 

radiator design. The same advantages discussed in 8.2.5.3 for the nonintegrated system 

are applicable to the integrated system. 

8.3.6 OTHER COMPONENTS 

The integrated turbomachinery is practically the same as the nonintegrated. The turbo- 

compressor operates at the same pressure ratio and same inlet pressure and temperature. 

Its size and weight will be essentially the same as the nonintegrated case. 

The turboalternator is the same as used in the nonintegrated case. Figure 11-26 of 

Reference 8-2 gives a weight estimate of 44 lb for a 1.88 kw net power unit. 

The recuperator is scaled from data in Reference 8-l. Its estimated weight is 110 lb. 

The battery is the same type as used in the nonintegrated system. The procedure for 

sizing is identical. The required energy storage is 13.5 kw-hr. Using a 50 percent depth 

discharge, the required capacity is 27.0 kw-hr. At 50 watt-hr/lb the battery weight is 

540 lb. 

8.4 DISCUSSION 

This section has considered the Isotope Brayton Power System for application to a lunar 

roving vehicle. System configurations and weights were obtained for the nonintegrated case 

and for the case of thermally integrating the power system with the life support system. 

There is no significant problem in matching a significant portion (about 60 percent) of the 

life support energy requirements to the power system waste heat. Using the power levels 

of the study guidelines,,a 16 to 17 percent reduction in power system weight is possible. 
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TABLE 8-8. ISOTOPE BRAYTON SYSTEM WEIGHT (INTEGRATED) 

Isotope source subsystem 795* lb 

Turbocompressor (2) 68 

Turboalternator (2) 88 

Recuperator 110 

Controls subsystem 80 

Support structure and piping 210 

Main radiators 86 

Heat exchangers (heat rejection system) 33 

Heat exchanger (life support) 15 

Secondary heat rejection system 34 

Power system weight 1519 lb 

Water for suit cooling 750 

Locomotion subsystem 600 

Total trailer weight 2869 lb 

*Approximate 
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SECTION 9 

MERCURY .RANKINE POWER SYSTEM 

9.1 INTRODUCTION 

The previous section considered an isotope dynamic system utilizing a Brayton thermo- 

dynamic cycle. This section is concerned witi an isotope dynamic system utilizing a 

Rankine thermodynamic cycle with mercury as the working fluid. The advantages of this 

system are that the ideal Rankine cycle approaches Carnot efficiency and the waste heat 

can be rejected at a relatively high temperature. Liquid metals have good heat transfer 

characteristics and high mass flow so the components can generally be made smaller than 

equivalent components dealing with gas or other fluids. Figure 9-l depicts a possible 

power system equipment arrangement on the lunar roving vehicle trailer module. 

9.2 NONINTE GRATED SYSTEM 

9.2.1 DESCRIPTION 

The power system consists of an isotope heat source, turbo alternator, pump and condenser- 

radiator. A temperature-entropy diagram is given in Figure 9-2. The liquid mercury is 

pumped to boiler pressure, l-2. From 2-3, the mercury is heated and evaporated in the 

boiler by the isotope source. The vapor is heated 3-4 and expanded through the turbine, 

4-5. The mercury vapor condenses and waste heat is rejected from the condenser-radiator, 

5-l. 

A functional diagram is shown in Figure 9-3. Similar systems are considered in Reference 

9-l and 9-2. Much of the work is based on Sunflower technology, References 9-3 and 9-4. 

The turbo alternator rotates at 40,000 rpm with the alternator producing 2000 Hz power. For 

comparison purposes, the ac power is converted to 400 HZ. This is a more common 

power frequency and is the frequency of the Brayton system. The configuration is a “one 
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operating plus one standby” turbo alternator-pump unit. This provides 100% redundancy of 

the rotating machinery. A number of valves are used so that either turboalternator can 

be operated. Start-up auxiliaries are provided. The bearings and alternator are cooled 

by the mercury to about 600°F. The power conversion equipment must be cooled to about 

185’F so a separate cooling loop is provided. 

9.2.2 POWER REQUIREMENTS 

The net power required for the Rankine system is the same as for the Brayton system, 

Figure 3-&u&g the closed loop CO2 processing equipment. Subtracting the 100 watts 

supplied by the RTG, the average net power is 2.85 kw. One third of the power is dc 

and two thirds is ac (400 Hz). A battery is used so the turboalternator can operate at 

approximately constant load, as in the Brayton system. The power conditioning configur- 

ation is shown in Figure 8-4. A 2000 Hz to 400 Hz frequency converter is used. Otherwise 

the configuration is the same as the Bray-ton system. Average power conditioning losses 

can be calculated using the efficiencies shown. Speed control requires an average of 5% 

of the alternator output. Additional shaft power consists of the alternator loss, bearing 

loss and Hg pump power. These are determined from References 9-3 and 9-4. Table 9-l 

lists the power requirements. 

9.2.3 HEAT BALANCE 

A cycle analysis can be made to determine the mercury flow rate, the isotope source 

power requirements and the power radiated. Table 9-2 shows the given quantities and the 

results of the analysis. Cycle operating points were obtained from References 9-3 and 9-4. 

Mercury properties are from Reference 9-5. The analysis is simplified in that the heating 

and condensing processes are assumed constant pressure, the subcooling is not shown and 

the pump is idealized. The mercury flow rate is determined by dividing the shaft power 

by the turbine energy per lb of Hg per second. In this case, 5.15kw/22.5kw-set/lb =O. 229 lb : 
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TABLE 9-l. ISOTOPE RANKINE POWER REQUIREMENTS (NONlNTEGRATED) . 

Net electrical power 2.85 kw 

Average power conditioning loss 

AC-AC 0.18 kw 
B-V 0.19 
AC-DC 0.12 
DC-DC 0.11 
BCR 0.055 
Diode 0.01 
DC-AC 0.005 

0.68 

Speed control 0.18 

Total electrical power 3.71 

Alternator loss ( V = 0.87) 0.56 

Pump power 0.18 

Bearing losses 0.70 

Total shaft power 5.15 kw _~ . .._ 
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TABLE 9-2. RANKINE CYCLE ANALYSIS (NONINTEGRATED) 

GIVEN QUANTITIES 

Boiler pressure,, P2 240 psia 

Turbine inlet temperature, T4 1710° R 

Turbine outlet temperature, T5 10650 R 

Condensing pressure, P5 7 psia 

Turbine efficiency 52 5% 

CYCLE POINTS 

Station T 6’W P (psia) Hy 

1 1065 7 43.4 

2 1071 490 43.6 

3 1510 240 189.5 

4 1710 240 194.8 

5 1065 7 172.3 

Turbine energy per lb of Hg per set = (H4-H5) = 22.5 hl~sec 

Heat rejected per lb of Hg per set = (H5-Hl) = 128.9 hlsec 

Heat added per lb of Hg per set = (H4-Hz) = 151.2 ky;l;sec 

4 = 0.229 lb/set 



I - 

9.2.4 ISOTOPE SOURCE 

The isotope sources for the Rankine Systems are used to boil the mercury directly. There 

is no need for a NsK loop io transfer heat to the mercury since a compact isotope heat 

source can be made using radiation heat transfer to tubes containing the mercury. However, 

a NaK loop and radiator are provided for supplementary cooling in case of mercury loop 

malfunction. A conceptual design of this type of source may be found in Appendix C. The 

source for the nonintegrated system must provide 35 kw of thermal power and has the 

following estimated characteristics. 

Size: Length, D, 20.9 inches, Diameter, C, 20.7 inches 

Radiation shield weight: 435 lb 

Re-entry protection: 390 lb 

Total source subsystem: 1520 lb 

Aheat balance for the nonintegrated system is presented in Table 9-3. The net electrical 

power is delivered to the roving vehicle cabin. The battery is mounted on the cabin unit for 

effective temperature control and to be readily available for emergency use. The cycle waste 

power is the flow rate multiplied by @I5 - HI). The other waste power is itemized in the 

table. The ductlng thermal loss is on thelorder of 1%. The source power must supply 

the cycle requirements. 

9.2.5 HEAT REJECTION 

The condensing radiator design is taken from Reference 9-2. The design has the following 

parameters: 

a. Absorptiviiy to solar radiation 0.25 

b. Emissivity at operating temperature 0.90 

c. Fin effectiveness 0.545 

d. Weight (lb&?) 0.78 
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TABLE 9-3. RANKINE SYSTEM POWER BALANCE (NOWTEGRATED) 

Net electrical power 2.85 kw 

Battery heat 0.19 

Radiated power 31.63 

Cycle waste power 29.50 kw 

Other waste power 2.13 

Power conditioning loss 0.49 

Speed control 0.20 

Alternator loss 0.56 

P-P power (Hg) 0.18 

Bearing loss 0.70 

Ducting thermal loss 0.33 

Total power out 35.0 kw 

Source power required 35.0 kw 
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The operating temperature of the radiator is 1060OR. At lunar noon, this gives 0.275 kw/ft2 

of heat rejected. The total amount of heat rejected through this radiator is 31.4 kw. This 

includes the cycle waste heat, bearing losses, and pump power. The required radiator 

area is 114 ft2 at a weight of 89 lb. The radiator is approximately horizontal, forming a 

roof over the power system trailer. 

An additional radiator is provided for thermal control of the power conditioning equipment. 

The amount of waste heat is equsl to the power conditioning loss (0.68 kw), minus the 

battery loss (0.10 kw), or 490 watts. The radiator will have the following characteristics: 

a. Absorptivity to solar radiation 0.2 

b. Emissivily at operating temperature 0.9 

c. Fin effectiveness 0.8 

d. Weight (lb/ft2) 1.0 

The operating temperature of the radiator is 180’F. Using the above numbers, the heat 

rejected at lunar M)on is 34 watts/ft 2. This gives a radiator area of 15 ft2 with a weight 

of about 15 lb. The radiator is horizontal above the power system trailer in front of the 

main radiator. 

9.2.6 OTHER COMPONENTS 

The turboalternator-pump unit is a single, rotating assembly using hydrodynamic bearings. 

The size of the unit is about 13 inches long by 6 inches in diameter. Its weight is 32 lb. 

The speed control, start auxiliaries, structure and piping, and mercury inventory weights 

were estimated from References 9-3 and 9-4. 

The battery is Ag-Zn sized for a 50% depth-of-dischkrge at the completion of the 3 power 

peaks including the experiment peak. The required size is 27.8 kw-hr. At 50 
watt -hr 

lb 

the weight is 560 lb. The battery is mounted on the cabin for thermal control and to be 

readily available in emergency situations. 
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TABLE 9-4. ISOTOPE RANKlNE SYSTEM WEIGHT (NONINTEGRATED) 

Isotope source subsystem 

Turboalternator (2) 

Speed control 

Start auxiliaries (2) 

Mercury inventory (2) 

Main radiator 

Secondary radiator 

Structure 

1520 * 

64 

30 

140 

36 

89 

15 

50 

Power system weight 1944 lb 

Trailer locomotion system 600 

Water for suit cooling 750 

Total trailer weight 3294 lb 

* Approximate 
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9.3 INTEGRATED SYSTEM 

9.3.1 DESCRZPTION 

The Rankine system can be thermally integrated with the life support system by incorporating 

a heat exchanger in the mercury loop between the turbine outlet and the radiator inlet. 

Thermal energy at 600°F is supplied from the heat exchanger to the life support system. 

This results in a reduction in the electrical power requirements of the life support system 

and a reduction in the size and weight of the power system radiator. With the exception 

of this additional heat exchanger, the power system configuration is identical’to the non- 

integrated system. The components are sized for the reduced electrical load. 

9.3.2 POWER REQUlREMENTS 

The power profile of Figure 3-4 (closed-loop C02) represents the integrated Rankine power 

system requirements by subtracting a constant amount of power. This amount is the 100 

watts supplied by the RTG and the difference between the electrical power requirements of 

the nonintegrated and integrated life support system. Referring to Sections 4.4 and 4.7, this 

difference is (1741 - 721) or 1.02 kw (the 600°F closed-loop values are used). Therefore, 

the net average electrical power required for the integrated system is 1.85 kw. One-third 

is dc and two-thirds is 400 Hz ac. Batteries are provided to average the load. The power 

conditioning configuration is the same as the nonintegrated case. 

Table 9-5 is a summary of the power requirements. The average power conditioning losses 

were calculated using Figure 8-4. The total average conditioning loss is 490 watts. Speed 

control requires 5% of the alternator output. 

Alternator efficiency, pump power and bearing losses are estimated from data in References 

9-3 and 9-4. The total shaft power is 3.76 kw. 
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TABLE 9-5. ISOTOPE RMKINE POWER REQUIREMENTS (INTEGRATED) 

Net electrical power 

Average power conditioning loss 

-*ry 0.18 

DC-dC 0.07 

AC-ac 0.06 

BCR 0.055 

Ac-dc 0.10 

DC-ELC 0.015 

Diode 0.01 

Speed control 

Total electrical power 

Alternator loss ( r) = 0.86) 

Pump power 

Bearing losses 

Total shaft power 

1.85 kw 

0.49 

0.13 

2.47 kw 

0.41 

0.18 

0.70 

3.76 kw 
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9.3.3 HEAT BALANCE 

The cycle analysis of the integrated system yields slightly different values of turbine energy 

and heat rejected per lb of Hg because a lower turbine efficiency is used. Data from 

References 9-3 and 9-4 indicate the turbine efficiency decreases as the units are made 

smaller. The turbine inlet and outlet temperatures and pressures are the same as those 

used iu the nonintegrated system. Table 9-6 shows the given quantities and the results of 

the analysis. The mercury flow rate is 3.76 kw divided by 20.3 
kw-set 

lb or 0.185 lb/set. 
r 

The cycle waste heat is H5-H1 multiplied by the flow rate of about 24.3 kw. The net cycle 

waste is obtained by subtracting the life support thermal power (1143 watts). Table 9-7 

is the power balance. The required source power is 28.4 kw. 1 

9.3.4 ISOTOPE SOURCE 

The isotope heat source for the integrated Rankine system is a slightly scaled down version 

of the nonintegrated source. It must furnish 28.4 kw of thermal power and its estimated 

characteristics are: 

Size: Length, D, 20.4 inches; Diameter, C, 19.9 inches 

Radiation shield weight: 400 lb 

Re-entry protection: 382 lb 

Total source subsystem: 1360 lb 

9.3.5 HEAT REJECTION 

The condensing radiator for the integrated system is a smaller version of the nonintegrated 

system radiator. It can radiate 0.275 kw/ft2 at lunar noon. The necessary area is then 

24.6 kw/O. 275/kw/ft2 or 90 ft2. The 24.6 kw is the net cycle waste heat, bearing losses, 

speed control, alternator loss, and pump power. 

The power conditioning loss (minus the battery heat loss) is dissipated in a secondary 
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TABLE 9-6. RANKINE CYCLE ANALYSIS (INTEGRATED) 

Given Quantities 

Boiler pressure, P2 240 psia 

Turbine inlet temperature, T4 1710oR 

Turbine outlet temperature, T5 10650F 

Condensing pressure, P5 7 psia 

Turbine efficiency 46 % 

Cycle Points 1 

station T (” RI P (psia) 

1 1065 7 43.4 

2 1071 490 43.6 

3 1510 240 189.5 

4 1710 240 194.8 

5 1065 7 174.5 

kw-set 
Turbine energy per lb of Hg per set = (H4-H5) = 20.3 ~b 

kw-set 
Heat rejected per lb of Hg per set = (H5-Hl) = 131.1~ 

kw-set 
Heat added per lb of Hg per set = (H4-H2) = 151.2 7 

& = 0.185 lb/set 
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TABLE 9-7. RANKING SYSTEM POWER BALANCE (INTEGRATED) 

-- --.~ ~__ 

Net electrical power 1.85 kw 

Battery heat (to cabin) 0.18 

Thermal power to life support 1.14 

Radiated power 

Net cycle waste power 

Other waste power 

Power conditioning loss 

Speed control 

Alternator loss 

Pump power 

Bearing loss 

23.17kw 

1.73 

0.31 

0.13 

0.41 

0.18 

0.70 

Ducting thermal loss 0.33 

Total power out 28.4kw 

Source power required 28.4kw 

J 
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TABLE 9-8. JSOTOPE BANJUNE SYSTEM WEIGHT (INTEGRATED) 

Isotope source subsystem 

Turboalternators (2) 

Speed control 

Start auxiliaries (2) 

Mercury inventory (2) 

Main radiator 

Secondary radiator 

structure 

Life support heat exchanger 

1360 * lb 

54 

28 

130 

28 

70 

10 

35 

5 

Power system weight 1720 lb 

Trailer locomotion system 600 

Water for suit cooling 750 

Total trailer weight 3070 lb 

* Approximate 
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radiator of fhe same type as the nonintegrated system secondary radiator. Its area is . 

310 watts/34 watt&t2 or about 9 ft2. 

9 

9.3.6 OTHER COMPONENTS 

The turboakxnator-pump unit is the same type, but slightly smaller than the nonintegrated 

unit. Weights are obtained from Figure 11-32 of Reference 9-2. 

The Ag-Zn battery is sized for 50% depth-of-discharge at the completion of the three 

power peaks including the experiment peak. A 26.3 kw-hr battery weighing about 530 lb 

is required. 

9.4 DISCUSSION 

The configuration and weight of an isotope Rsnkine power system was determined for the 

nonintegrated case and for the case of the thermal integration with the life support system. 

About 60% of the life support system power, or essentially all of the process thermal 

power, is obtained from the 600°F waste heat of the power system. The net electricsl 

power reduction of 35% allows a power system weight reduction of 1944 to 1720 pounds - 

about an 11 percent change. 
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SECTION 10 

FUEL CELL POWER SYSTEM 

10.1 INTRODUCTION 

A fuel cell power system is a possible choice for the 45-day lunar roving vehicle. The fuel 

cell converts chemical energy directly into electrical energy without going through an in- 

termediate working fluid. Elimination of this step results in high theoretical efficiencies. 

Water is the product of H2-02 fuel cells; These advantages and their selection for Gemin& 

Apollo and LEM suggest that fuel cells will be a major source for future missions (see 

Reference 10-I). Previous studies of lunar surface vehicles have considered fuel cell 

power supplies (References 10-2, 10-3, and 10-4). Apollo-type fuel cell modules were 

chosen to take full advantage of a developed system. The specific module to be considered 

is the PC3A developed by Pratt & Whitney Aircraft. Figure 10-l depicts a possible power 

system equipment arrangement on the lunar roving vehicle trailer module. 

10.2 DESCRIPTION ----_--~ 

10.2.1 OPERATION DESCRIPTION 

A fuel cell is an electrochemical device for converting chemical energy directly into electrical 

energy. The basic device consists of an electrolyte and two electrodes. The fuel is oxidized 

at one electrode and the oxidant is reduced at the other. The electrons involved are required, 

by suitable construction of the cell, to pass through an external circuit. In the cell consi- 

dered, hydrogen is used as fuel and oxygen as the oxidizer. A practical fuel cell system 

contains subsystems for product (water) removal, heat removal, reactant conditioning 

and power plant control. Figure 10-2 shows the flow diagram of a fuel cell system. 

The hydrogen-oxygen fuel cell operates at a temperature of about 400’F and uses potassium 

hydroxide as an electrolyte. The electrodes are biporous nickel and nickel oxide. The 

primary loop comprises the H2 side of each of the cells, the H2 regenerator, a bypass 
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Figure 10-l. Fuel Cell Power System Equipment 
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valve controlled by a temperature sensor, a condenser which exchanges heat with the 

secondary loop, and a H2 pump. The temperature of fluid (steam + H2) exhausted by the 

cell stack controls the setting of the bypass valve, and thus divides the exhaust gases. 

Part passes through the regenerator, exchanging heat with the fluid entering the stack, 

and is combined with the other part prior to entering the condenser. The condenser lowers 

the temperature of the steam-H20 mix to liquify Hz0 which is partially extracted from the 

condenser. Pressure losses due to condensation and fluid friction are restored by the H2 

pump. Additional H2 is fed into the system at this point to replace consumed fuel and the 

H2 rich mixture flows through the regenerator to the cell stack to complete the primary 

circuit. If the temperature of the exhaust is low, the regenerator bypass valve will allow 

more exhaust fluid to flow through the regenerator to increase the temperature of the in- 

coming fuel, tending to offset the drop in cell temperature. 

The secondary loop carries waste heat extracted at the condenser to the space radiator. 

The. loop consists of a condenser (glycol side), the coolant regenerator and sensor con- 

trolled bypass valve, the coolant pump, an accumulator to maintain system pressure and 

absorb volumetric changes, the oxygen and hydrogen preheaters, and the space radiator. 

10.2.2 MODULE PARAMETERS (FUEL CELL MODULE, PC3A) 

The fuel cell module is composed of a 31 ceII stack and associated plumbing. The fuel, 

fuel tanks and radiator are not included. It is 22.5 inches in diameter and 44 inches long. 

The module weight including plumbing is 204 lb. It requires 130 watts of parasitic power 

of which 90 watts are for hydrogen pump power, 30 watts are for glycol pump power and 

10 watts are for sensors. 

The output voltage is a function of the module operating power level (see Figure 10-3). The 

module may operate at any power level between 0.56 kw and 1.42 kw. 
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Figure 10-3. Fuel Cell Module Voltage Versus Power 
(Apollo C/SM 31-Cell Module) 

10.2.3 SYSTEM CONFIGURATION 

Several system configurations are possible using fuel cells, batteries and standby fuel cells 

to furnish peak loads. Start up of standby fuel cells wastes energy, probably poses a 

reliability penalty and limits mission flexibility because of the start up time involved. The 

power profile shows that the periods of peak power are frequent and evenly distributed which 

would require an almost continuous cycling. For these reasons, the use of standby fuel 

cells under normal conditions is not recommended. Storage of fuel cells at elevated temper- 

atures or operation at very low power levels so that power build up may be accomplished 

quickly and with little energy penalty might be feasible. Little data is available on this type 

of operation and it is not considered here. Reliabilitg, parasitic load and threshold load 

situation will seriously limit this mode of operation. 
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Fuel cell module data depicts a normal operating range of between 0.56 kw to 1; 42 kw. The 

operation of the roving vehicle modules will be confined to this range at all levels on the 

power profile curve. Batteries are required in order that this can be done economically. 

It should be pointed out that considerable battery energy is needed for fuel cell start up after 

initial storage and that it is desirable to have battery energy available for emergency situa- 

tions. Thus, the power and weight penalty of using batteries is not truly a part of this system 

configuration. The chosen fuel cell-battery configuration is designed to rely as little as 

possible on battery energy because of heavy battery weight and the power penalty associated 

with battery charge-discharge (assumed efficiency of 0.70). Advantage is taken of the 

variable power capability of the modules within the indicated limits. Calculations, as well 

as Reference 10-1, indicate that the optimum number of modules from a weight standpoint 

is the lowest number that can supply peak loads. The parasitic load, threshold load and 

weight of the modules negate the efficiency gains obtained by using a larger number of mod- 

ules than necessary to supply peak loads. The configuration chosen then is N modules 

sharing the load equally and operating between 0.56 kw and 1.42 kw per module with the 

minimum battery capacity necessary. 

10.3 POWER REQUIREMENTS 

The power profile curve for the open loop CO2 condition (Figure 3-5) is used for the fuel 

cell system. The fuel cell system combines H2 and O2 to form water. A step in the closed 

loop CO2 process decomposes water to obtain 02. Taking into account the energy losses 

during each process, it is evident that it is more economical to furnish the life support O2 

directly, rather than supplying electrical power for that life support process. 

The results of weight estimates of the fuel cell system show that it is considerably heavier 

than the weight that one trailer can carry. Therefore, two trailers will be needed, thereby 

increasing the locomotion power by 800 watts. The open-loop power profile (Figure 3-5) 

must be modified for this use by adding 0.8 kw to all the locomotion peaks. The RTG fur- 

nishes 100 watts of the required power. The net energy required for the mission can be 

obtained by integrating the modified power profile over the three typical days and multi- 

plying by 15. The result is 2440 kw-hr, or an average net power of 2.26 kw. 
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The required power is to be half ac and half dc with conditioning efficiencies of 0.87 and 

0.90 respectively. The factor for converting nonconditioned power to conditioned power 
1: 1 

is then ; [ 
1 

o.-+ 
-1 
0.90 

= 1.13. This factor is assumed to be constant regardless 

of power level. 

The parasitic power is 130 watts of conditioned power per module. If the same number of 

modules are in operation through the mission, the parasitic energy is 140 kw-hr per module. 

A battery charge-discharge efficiency of 0.7 has been assumed. Therefore, there is a 

EB battery energy penalty of 07 - EB = 0.43 EB where EB is the mission energy 
. 

supplied by batteries. 

The gross energy is: 

(2440 + 140 N) 1.13 f 0.43 EB kw-hr 

where N is the number of modules. 

The power peaks have a duration of 18 hr out of 72 or 25% of the mission time. The maximum 

net power peak is 5.19 kw or (5.19 + 0.13 N) x 1.13 kw gross power. The minimum net 
l7 

poweris1.29kwor(1.29+0.13N)x 1.13-t =,B 
810 x 0.7 

gross power, assuming an 

average charging power during non-peak periods. The charging time is 810 hours for the 

mission. 

10.4 ENERGY BALANCE 

10.4.1 DETERMINATION OF NUMBER OF MODULES 

The number of modules determines the energy.supplied by batteries since each module can 

supply a maximum of 1.42 kw and the battery must supply the power above the 1.42 kw level. 

The battery energy, average gross power and minimum power level can be determined using 

the data in Section 3. 
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Number of Modules 
Battery Energy Average Gross 

(Eg) Power Minimum Power 

2 736 kw-hr 3.15 kw 3.05kw 

3 393 3.15 .2.%0 

4 61 3.16 2.15 

Two modules can supply oniy 2.84 kw and thus cannot supply the mission power requirements 

since the average required power is 3.15 kw. In the four module case, the minimum power 

level is 2.15 kw or 0.54 kw per module. This is outside the stipulated operating range of 

the modules. Therefore, systems containing four or more modules must be ruled out. 

The only possible choice under the imposed constraints is a three module system. The three 

modules operate at maximum power (1.42 kw each) during peak loads and down to a minimum 

of 0.866 kw during minimum power load. 

10.4.2 BATTERY SIZING 

A three module system will produce a maximum of 3 x 1.42 = 4.26 kw. The peaks in load 

above this level must be supplied by battery power. Examination of the typical power profile 

shows that maximum battery power will be required in the time interval containing three 

power peaks starting with the experiment activity peak during day two. Consider the three 

peak series:. 

Discharge during experiments: (4.99 + 0.39) 1.13 - 4.26 x 3 hr = 5.46 kw-hr 

Net charging during next 2 hours: 0.7 x 0.69 x 2 = 0.965 kw-hr 

Discharge during next 3 hours: (3.79 + 0.80 + 0.39) 1.13 - 4.26 x 3 hr = 3.99 kw-hr 

Net charging during next 3 hours: 0.7 x 0.69 = 3 = 1.45 kw-hr 

Discharge during next 2 hours: (5.59-4.26) x 2 hr = 2.66 kw-hr 

Net discharge during interval = 9.70 kw-hr ’ 
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Ag-Zn batteries have a high energy density and sufficient cycling life (mission requirement 

of 120 cycles) to be used for this mission. A 50% depth of discharge is reasonable. This 

requires a battery capacity of 19.4 kw-hr (680 amp-hr, 28.5 v). Using an energy density 
of 50 w-hr 

lb ’ 
the required weight is 390 lb. 

The battery charging power is 0.69 kw. The charging voltage is 37.4 volts (19 cells x 1.97 

volt/cell). This corresponds to a charging current of about 18 amps or a C/37 rate. 

10.5 Ha, O2 SUPPLY SIZING 

The specific propellant consumption (SPC) is a function of cell voltage or the power level 

at which the module is operating. Thermodynamic considerations give 

0.741 
SPC = 7 lb/kw-hr , 

where V is the volts per cell which can be obtained by dividing the module voltage, Fig- 

ure 10-3 by 31, the number of cells per module. See Figure 10-4 for a plot of SPC versus 

power level. The energy-averaged SPC can be obtained using the power profile curve and 

found to be 0.824 lb/kw-hr. The net propellant weight is SPC x Pave x Time = 0.824 

lb/kw-hr x 3.15 kw x 1080 hr = 2800 lb. Allowing 3% for purging, the required weight is 

2880 lb. Approximately 8/9 ths of this oxygen (2560 lb). The remaining is hydrogen (320 lb). 

This amount of propellant must be available for use after storage on the moon. An analysis 

of tankage weight and boil off for subcritical storage on the moon was made in Reference 9-2. 

The thermal protection system consists of an inner wall, superinsulation, a vapor-cooled 

shield, more superinsulation and an outer wall. Load factors (the ratio of liftoff propellant 

and tankage weight to usable-propellant weight) were estimated from data in this reference. 

Storage is for a maximum of 720 hours. Four tanks are used, two containing half the H2 

each and two containing half the O2 each. The load factor for H2 is 2.5 and for O2 is 1.15. 

These give a propellant and tankage weight of 3740 lb. 

209 



.70 

0.0 0.5 1.00 1.50 

GRCBS MODULE POWER (KW) 

Figure 10-4. Variation of Specific Propellant Consumption 
with Module Cutput Power 

10.6 HEAT REJECTION SYSTEM 

10.6.1 WASTE HEAT AT MAXIMUM POWER 

Maximum waste heat generation will occur during the load peaks when the modules are 

operating at the 1.42 kw level. The SPC at this level is 0.848 lb/kw-hr. Thermodynamic 

considerations give the thermal efficiency (7j) of the H2 - O2 reaction as approximately 
V - 

1.48 ’ 
where V is the cell voltage, 0.874 volts. The exact efficiency depends on oper- 

ating temperature and propellant inlet conditions, and any loss of neutral molecules across 

the electrolyte. For this case, ?j = 0.59 at peak power. 
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The heat rejection per module = 1.42 ( y ) = 1 kw or 3400 btu/hr. The propellant . 

flow rate is 0; 848 x 1.42 = 1.2 lb/hr. Taking the propellant inlet temperature as 75’F, 

it is estimated that an average of about 300 btu/hr (see Figure 10-5) may be used to preheat 

the incoming propellant. Therefore, 3100 btu/hr per module must be rejected to space 

during the power peaks. 

’ 10.6.2 RADIATOR LOOP DESIGN 

Figure 10-6 shows the fuel cell condenser characteristics on which the radiator design was’ 

based. The two basic radiator coatings were considered: (1) OSR, Solar Absorptance 

(as) = 0.05, emittance (e) = 0.84; and (2), Solar Absorptance (as) = 0.2, (E) = 0.90. In the 

first mentioned coating the radiator analysis does not per se completely account for the pre- 

sence of this coating. In particular, the density, thermal conductivity and strength character- 

istics are not considered in determining a weight optimized radiator. 

Once having determined a weight optimized radiator, the additional weight of the coating is 

added to the weight of the optimized radiator. The justification for this procedure is based 

on the following considerations and assumptions. 

a. The thermal conductivity of the coating is sufficiently low that its presence does 

not alter the fin efficiency significantly. 

b. The strength characteristics of the coating do not significantly improve the resistance 

to micro-meteoroid penetration. 

Reference 10-5 discusses the effect of a coating on the fin efficiency of a radiator. The 

data in this reference substantiates the first assumption. Table 10-l presents a summary 

of the radiator parameters examined. The effective sink temperature was taken from 

Figure 3-3. 
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TABLE 10-l. FUEL CELL RADIATOR DESIGN PARAMETERS 

3100 211 125 20.0 10.2 45 1.50 13.32 

2500 211 142 15.3 1.1 45 1.25 12.21 

2000 211 155 11.1 6.1 46 1.26 9.34 

2600 193 159 12.2 6.3 15 1.25 9.12 

2600 193 151 16.6 1.6 15 1.25 12.44 

3100 193 141 19.9 10.2 15 1.50 13.22 

2500 166 149 15.9 6.0 so 1.26 12.12 

2000 166 151 12.4 6.5 so 1.25 9.94 

Ccmlant:Propylene Glycol(62.5%by weI&) - water 

Material: Aluminum 

coating: OS = 0.06. c =0.64 

Configuration: Horizontal folded 

The use of the OSR optical coating system may or may not in all instances result in a lower 

weight radiator. Table 10-2 shows the radiator design characteristics for a coating with the 

assumed properties of as = 0.2, E = 0.9. The radiator is assumed to be a horizontal radiator. 

TABLE 10-2. FUEL CELL RADIATOR DESIGN PARAMETERS 

Case No: 
QH 

Ww’br) TR1 (OF) 
T 

Ro (OF) 

3100 

2000 

2500 

3100 

3100 

2500 

2000 

211 125 

211 142 

211 156 

193 159 

193 151 

193 141 

166 140 

166 149 

166 151 

weight lbW/br 
(lb) wt) 

27.5 10.6 45 

19.6 1.4 45 

16.1 5.1 45 

16.3 6.1 15 

20.2 1.6 15 

26.5 10.1 15 

30.0 10.5 . so 

20.9 1.9 so 

16.9 6.3 so 

Tuba 
Header bw 
03 w 
1.16 15.1 

1.50 13.0 

1.50 10.6 

1.25 13.0 

1.25 16.2 

1.50 19.4 

1.26 21.1 

1.25 16.1 

1.25 13.5 

Coolant: Propylene Glycol(62.5% by weI&)- water 

Material: Aluminum 

'Coating: ag = 0.2. 6 -0.9 

Configurtion: Horlmntal folded 

From the above table it is evident that at the higher power level the use of a more conventional 

coating is slightly heavier than the Lockheed OSR coating, however, at the lower power 

levels, the more conventional coating system is slightly lighter. 
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10. ‘7 DISCUSSION 

The battery storage temperature range is 20°F to + lOOoF. Temperature control in this 

range csn best be obtained by using a horizontal radiator mounted on the cabin. A small 

heat exchange loop must be provided for heat transfer from the batteries to the radiator. 

The extra load during storage will be small if the batteries are insulated from the lunar 

environment. 

The minimum temperature that fuel cells should reach is minus 20’F. Provision must be 

made for heating the cell modules during a large portion of the lunar night while in the 

dormant and other inactive periods. This requires that the cell modules be well insulated 

and provided with electrical heating. The small amount of electric power is supplied from 

RTG. 

It is anticipated that no upper temperature limit control will be needed by the fuel cells 

since their normal operating temperature is higher than any temperature exposure during 

storage. 

10.7.1 REDUNDANCY CONSIDERATIONS 

The demonstrated probability of a single fuel cell module operating for 45 days is not high 

at the present time. In order to get meaningful redundancy in this case, standby units are 

required that csn be started up as needed. Allowing for increased module reliability in the 

future, one standby module will be assumed to be sufficient. There are, therefore, three 

operating units and, one standby unit. Each unit is independent (separate radiators, pumps, 

etc. ) with the exception of propellant tanks. 

The fuel cell power system will produce a total of 2800 lb of water. Approximately 750 lb 

of water are required for thermal control of suits. The remaining 2050 lb of water can be 

used for cabin thermal control during peak heat loads. However, base,, roving vehicle 

complex studies indicate. that it may be best to return the water to a base for processing 

back to hydrogen and oxygen (see Reference 10-2). 

214 



Since the power system weight is about 5000 lb, two trailers are needed. Each trailer 

will weigh about 3000 lb loaded, including the structure, locomotion equipment, etc. Two 

fuel cell module systems, one hydrogen tank and one oxygen tank will be on each trailer. 

Tables 10-3 and 10-4 present a summary of fuel cell power system characteristics and of 

fuel celI system weights. 

TABLE 10-3. FUEL CELL POWER CRARACTERISTICS 

Mission gross energy 

Mission net energy 2440 kw-hr 

Fuel cell parasitic loss 420 

Battery charge-discharge loss 175 

Power conditioning loss 

50% dc at efficiency of 0.92 140 

50% ac at efficiency of 0.087 225 
3400 kw-hr 

3400 kw-hr 

Average gross power 3.15kw 

Number of modules (includes one standby) 4 

Battery capacity 19.4 kw-hr 

Miuimum power output (3 modules) 2.60 kw 

Maximum power output (3 modules) 4.26 kw 

Module voltage at minimum power 28.8 volts 

Module voltage at maximum power 27.1 volts 

Average specific propellant consumption 0.824 lb/kw-hr 
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T-ABLE 10-4. FUEL CELL SYSTEM WEIGHTS 

Module power plant weight, 4 at 223 lb 732 lb 

Module plumbing, mounting, etc. 4 at 21 lb 84 

Battery weight 

Net propellant 

Hydrogen 

Oxygen 

Tankage 

Hydrogen 

Owen 

Total propellant and tankage 

Radiator weight,4 at 11 lb 

Water production 

Weight penalty for extra trailer 

H2 Tank = 5 ft diameter 

O2 Tank = 6 ft diameter 

320 lb 

2560 

480 

380 

2690 lb 

600 lb 

2880 lb 

830 

Total 

390 

3740 

44 
-.-... 

4990 
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SECTION 11 

RTG POWER SUPPLY 

11.1 INTRODUCTION 

During the dormant operational phase of a lunar roving vehicle, power for the necessary 

vehicle standby systems is to be provided by a radioisotope thermoelectric generator (RTG). 

A total of 100 watts of dc power will be required full time during lunar day or night. The 

method used in analysis and configuration selection was to apply SNAP-27 criteria wherever 

possible since they represent: 

a. State of the art design 

b. Lunar environment considerations 

The loo-watt power output is twice the SNAP-27 requirement allowing either simple scaling 

or the use of two SNAP-27 units. The RTG is to be mounted on one side near the rear of 

the vehicle personnel cabin. This section is a condensation of the analysis of a loo-watt 

RTG documented in the supplement to this report. 

11.2 DESCRIPTION 

Two possible RTG designs have been identified: a loo-watt D configuration unit or two 

50-watt modified SNAP-27 units. Figure 11-l shows the dimensions for the two configura- 

tion possibilities. A D configuration installation on the cabin is shown in Figure 11-2. 

Note that a reflector is provided to protect the cabin from RTG thermal radiation. Either 

of the RTG concepts would weigh on the order of 85 to 95 pounds, including supports, re- 

flector and insulation (but excluding shielding). 

Each system is sized to deliver 112 watts of unconditioned dc power to the vehicle. This 

permits incorporating a converter-regulator with an efficiency of 90%, while meeting the 

vehicle power requirement. By proper design, this regulator can also serve as the neces- 

sary generator protective circuit, preventing partial ‘load operation of the RTG. 
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SNAP 27 CONFIGURATION 

Figure 11-l. Generator Configurations 
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Figure 11-2. 
100 watt RTG Mounted on Lunar Roving vehicle 



Radiation dose rates for the unshielded systems mounted on one side of the vehicle are 

approximately 134 mrem/hour at one meter. It is clear that radiation shielding must be 

provided so that the crew dose does not exceed 12-l/2 rem for the 45-day mission. Since 

the amount of shielding is dependent on the type of power system (isotope or chemical) used, 

analyses were conducted to determine the proper RTG/dynamic power system shielding 

ratio. The results are presented in Appendix C. For a chemical power system type roving 

vehicle, the RTG shield weight is 260 pounds. 

The generator and fuel capsule is designed to completely contain the isotope following any 

plausible abort situation. The use of beryllium for the generator structure provides the 

necessary heat shield to protect the fuel capsule following an abort which results in re-entry 

into the earth’s atmosphere. 
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APPENDIX A 

OVERALLRADIATORHEATBALANCE 

QR = cRAR\qo 0 TR4 - ?I0 aSRApSi - q. eR eM FRM AR u TM4 - ‘0 aSR,ain Si FRM AR 

= ~~~~~~~ ( TR4 

where a = 
m 

AR = 

Ap = 

FRM = 

QR = 

Si = 

TR = 

TS = 

%R = 

CR, EM = 

a = 

rl = 
0 

so that 

- Ts4 
1 

Lunar albedo 

Radiator heat transfer area 

Radiator projected area to plane perpendicular to sun’s rays 

Configuration factor of lunar surface relative to radiator 

Radiator heat load 

Incident solar flux 

Radiator effective root temperature 

Radiator effective sink temperature 

Radiator solar absorptance 

Radiator and moon surface emittance response 

Boltzmann’s constant 

Overall radiator efficiency 

u Ts4 = L 
eR 

asR Si + eR cM FRMc TM4 osR am Si FRM 
I 
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The incident solar radiation is taken as 

Si = Scof36) 

where S = Solar constant = 442 btu/hr-ft2 

8 = Angle of incidence 

The effective sink temperature is shown for both a horizontal planar radiator and a vertical, 

cylindrical radiator. The configuration factors were determined by using Nusselt’s method. 

For the horizontal radiator the configuration factor can be determined simply by considering 

the following construction. 

RBRIZONTAL RADIATOR 

FRM- 
n- R2 c - R2COS2 (go)] 

rR2 
s. 1 - cos2(go) = 0.025 
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A similar expression can be derived for a vertical radiator. 

SPACE 

VERTICAL RADIATOR 

ITI32 - 
,R2 162 R2 

F 
-+T SIN162 

360 
RM= 71R2 

- 0.60 
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APPENDIX B 

LSS DORMANT PERIOD CONTROL 

B. 1 TRANSIT PERIOD 

Since the shroud on the vehicle during the transit period will not permit influx of heat into 

the vehicle or dissipation of heat from the vehicle, then the RTG electrical heat will be the 

only cabin heat inpt. The cabin weighs 4000 lb and has an average specific heat of 0.2 btu/ 

IbPF, then approximately 800 btu are required to raise the cabin temperature 1°F. The 

electrical heat load is (100 watts) 340 btu/hr, thus the cabin temperature increases 1°F every 

2.36 hours or a total of 30.5 OF during the transit period. 

Prelaunch cooling and thermal jackets, if necessary, are assumed to keep the vehicle at 75OF. 

Thus the final temperature at the end of the 3-day transit period is 105O or 5OF in excess of 

the limit. Some form of cooling may then be provided during the transit period. An ideal 

cooler for this application is an expendable type of refrigerant which utilizes the evaporation 

of water into spatial vacuum to provide cooling. Assuming that the evaporative cooler is 

activated when the cabin temperature is lOOoF (approximately 65 hours after launch) approxi- 

mately 4 pounds of water will be required. 

The cooler is a gas to flash the boiler heat exchanger. The expendable refrigerant (water) 

is sprayed into the low pressure boiler where sufficient heat is transferred to the low-steam- 

quality vapor to produce superheated steam. The spray is essentially a throttling process 

(constant enthalpy) and the heat transferred from the cabin-environment gas produces a vapor 

enthalpy change (h 
fg 

) of approximately 1000 btu per pound of water evaporated. 

The container utilized to store the water is a pressurized bottle with a bladder to expel the 

water in the zero gravity environment. Either the vehicle gas supply or a separate Freon 

C318 source is utilized to pressurize the water. The container weighs : approximately 1 

pound, and the filled container weighs 5 pounds. Boiling rate of the heat exchanger is con- 

trolled by a modulating expansion valve and an absolute pressure regulator. The expansion 
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valve modulates (varies the sprsy nozzle opening) in accordance with the superheat steam 

temperature. As the superheat temperature increases the orifice size increases and vice 

versa to shut off all water flow. The absolute pressure regulator at the steam cutlet provides 

pressure control within a set limit to assure that the heat exchanger does not freeze. A 

freeze could otherwise occur if large amounts of water are injected into the heat exchanger 

during transient heat loads. 

This same cooler may also be utilized as an emergency cooler when the crew is occupying 

the vehicle. 

B. 2 LUNAR DAY 

B. 2.1 FLOW CALCULATIONS 

The total heat load in the vehicle during the lunar day period is the electrical load from the 

power system plus the heat leakage thru the cabin walls. This amounts to 340 + 69 = 409 btu/hr. 

a. Heat Removed 

(Q) total = Wg Cp A t (A t = 240°F, Cp = 2.22 btu/lb’F) 

(Q) equipment + Q wall = Wg x 0.22 x 40°F 

(Q) total = 8.8 Wg or Wg = 0.113 Q total (1) 

The density of the cabin oxygen is approximately 0.02 lb/ft3 at 60°F and 180 mm Hg pressure. 

The flow rate (cfh) thru the heat exchanger is then: cfh = 5.65 Q total (2) 

The total heat load is dissipated to a liquid heat transport medium via a gas-to-liquid heat 

exchanger and then is rejected from the vehicle by a radiator. 
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Blower electrical power requirement (Be watts) is a fundion of the gas flow rate (Wg lb/k), 

the heat exchanger system pressure drop (A Pg feet of gas head) and blower efficiency (Eb): 

WgxAP 0.113QtotalxAP 
Be = 2650 x Eb =- (3) 

b 

The liquid coolant pump electrical power requirements is determined in a similar manner: 

P 
e 

= WfxAPf 

2650 x E 
P 

(4) 

where A Pf = feet of liquid head 

A tentative selection of the coolant liquid is an aqueous solution of 40%by-weight propylene 

glycol. This liquid is selected on the basis of the lunar shelter study and the minimal oral 

toxicity hazard of the liquid. 

The liquid properties at 50°F are: 

Specific gravity 

Viscosity 

Specific heat 

Thermal conductivity 

= 1.04’ 

= 6.0 centipoises 

= 0.89 btu/lb OF 

= 0.24 btu/hr ft2 F” 

The temperature increase of the coolant in the heat exchanger is assumed to be 30’F. Thus 

the liquid enters at 40°F and exits at 70°F and the gas enters at 9O0F and exits at 50°F. The 

collant flow rate (Wf,lb/hr) is then calculated from: 

Q total = Wf x 0.89 btu/lb OF x 30°F 
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Q total = 26.7 W or W = 0.0375 Q total (5) 

Combining equations (4) and (5) 

.!’ 
0.0375 Q total x A Pf 

Pe = 
2650 x E 03) 

P 

The efficiency of the blower Eb will be low (assumed Eb = 2.5%) due to the impeller slippage 

’ in the low density gas and the small size of the unit which cause the inherent frictions to be- 

come a major restriction. The liquid pump will also utilize a small motor but slippage will 

not be a problem; consequently an efficiency, E 
P’ 

of 590 is assumed. 

Figure B-l illustrates the gas flow rate and blower power for various heat loads and Figure 

B-2 illustrates coolant liquid flow rate and pump power for various heat loads as derived by 

equations (1) (3) and (6). Note several pressure drops are given for both the blower and pump 

systems to aid in the design. 

B. 2.2 LUNAR DAY DORMANT CONTROL DESCRIPTION 

The thermal control for the lunar day dormant period will use much of the thermal control 

system utilized during crew occupancy. A block diagram of the system is shown in Figure 

4-2. The dormant period blower circulates the gas thru the existing ducts and heat exchanger. 

Consider the gas pressure drop as similar to that of the lunar shelter (Reference 4-1, 0.6 

inches Wg pressure drop for 330 cfm at 7 psia) then the pressure drop thru the system during 

the dormant period will be an inverse function of the densities and the velocities squared. 

Thus for 37.6 cfm (45.2 lb/hr, sufficient for a heat load of approximately 400 btu/hr) the 

system pressure drop will be 

0.02 lb/R3 x 

0.04 lb/ft3 
x 0.6 inch Wg = 0.0039 inch Wg 
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This pressure drop is negligible for design consideration thus a pressure drop of 6.05 inch 

Wg friction loss is assumed for all flow rates shown in Figure B-l. 

The dormant period pump circulates the liquid coolant through the heat exchanger and the 

radiator. The same condition exists (calculated pressure negligible) in the liquid circuit as 

in the gas circuit for determining pressure drop. Thus a coolant pressure drop of 10 psi is 

assumed for a3l flow conditions shown in Figure B-2. 

Based on the above calculations and the assumption that the total vehicle electrical load is 

100 watts (340 btu/hr) and that the vehicle maximum solar heat influx is the same as the lunar 

shelter (68 btu/hr), then the total maximum heat load is 408 btu/hr. From Figure B-l the 

blower will circulate: 

46 lb ft3 1 hr 
-LX 0.02 lb x 60min 

- = 38,3cfmgas 

at an expenditure of 9 watts of electrical power. From Figure B-2 the pump will circulate: 

15.2 lb gal 1 hr 
-hrX 

- = 
8.7lb x 60min 

0.029 GPM coolant at sn expenditure of 2.7 

watts of electrical power. 

B. 2.3 LUNAR NIGHT DORMANT CONTROL 

The total heat load in the vehicle during the lunar night period is the electrical heat load from 

the power system minus the heat lost through the cabin walls. Operation of the radiator heat 

rejection circuit is not anticipated except as discussed. If the loss thru the walls exceeds 

the electrical load (maxjmum 100 watts or 340 btu/hr) then an additional source of thermal 

energy may be required to maintain the cabin temperature within acceptable limits. Such 

heat sources as the thermal energy from the isotope power system may be required. The 

lunar shelter study established a maximum heat leakage of 385 btu/hr which exceeds the 
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electrical heat by 45 btu/hr or 40.3’F during a S-day lunar night. This temperature drop of 

0.112O F/hr may be acceptable if the cabin initial temperature is high. 

More flexibility may he added tc the system by conducting some heat from the RTG source 

into the cabin and by regulating the temperature through modulation of the cooling circuit. 

This is easily accomplished since the power source is located on the exterior of the right 

rear cabin wall. A heat leakage (via a heat pipe) of 60 btu/hr into the cabin from the 

isotope power system will permit cabin thermal control for heat losses up to 400 btu/hr 

during the lunar night period. This heat leakage could also occur during the lunar day but 

would increase the blcwer and pump power by less than 2 watts. 
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APPENDIX C 

ISOTOPE SOURCES 

C. 1 INTRODUCTION 

This appendix presents the conceptual design for the module containing the isotope heat 

source, the heat exchanger for extracting the heat, and the associated biological shielding 

for the nonintegrated Brayton cycle and Rankine cycle power conversion systems. The 

sources and heat exchangers are optimized to meet specified cycle conditions of temperature, 

flow rate, and pressure. This is a condensation of the analysis and design of these isotope 

sources which appears in the report Supplement. 

C, 2 SHIELDING 

C. 2.1 INTEGRATING FACTORS 

Maximum benefit of distance for shielding is obtained by locating the heat source on the rear 

of the trailer module as shown in Figure C-l. This location has other advantages which 

include : 

a. The heat exchanger is accessible for loading of the isotope module when the vehicle 

is on the launch pad. 

b. Advantage may be taken of the intervening equipment for shielding of the vehicle 

cabin. 
t! 

c. The heat source module can be ejected from the heat exchanger so that it can 

radiate its heat to space as a “last-ditch” method of cooling. Ejection of the module 

is not impaired by other equipment or structural members. 
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VEHICLE CABIN \ 2oFr \ 

BIOUXICAL 

1. SLEEPING 5. DRILL OPERATION 8. CONSOLE OPERATION AND 
2. DB.MNG 6. TRAILER MAINTENANCE I.?8 MAINTENANCE 
3. AIRLOCK 7. FOOD PREPARATION AND 
4. SURVEY BIOLOGICAL FUNCTIONS 

Figure C-l. Factors Considered in Shield Design 

The shielding is designed to limit the total radiation dose to be received by each astronaut 

for the entire mission from earth launch to earth return to 25 rem. The dose partition is: 

Roving vehicle mission profile 

Cosmic and solar radiation 
transit (radiation belts ) 

12.5 rem 

12.5 rem 

Total 25 rem 

C. 2.2 SRIEID DESIGN 

As indicated, the shield design for each heat source is based on a total dose of 12.5 rem 

for the roving vehicle mission. Since the heat source will be located relatively close to the 

crews quarters, even at the location on the rear of the trailer, the &action of time spent 

by each crew member at the various duty stations both within and outside the vehicle cabin 

can have significant affect on the shielding required. This factor is taken into account by 
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estimates of the time spent at each duty station. These estimates, given in Table C-l, are 

based on the average time spent per 24-hour period at each position. Corresponding .dis- 

tances which are considered average for each position are also listed in Table C-l and are 

shown in Figure C-l. The entries in Table C-l in the column headed Shielding represent 

the contribution to shielding afforded by the cabin walls and/or intervening equipment for 

the purpose of estimating the gamma contribution only. In addition, the heat source itself 

is considered to provide the equivalent of one centimeter of steel. The quantity, ft, shown 

in the table is the fraction of the total mission time spent at each duty station. 

TABLE C-l. CREW POSITIONS FOR SHIELDING ANALYSIS 

acation 
_. ..- 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Function 
~__ - 

Sleeping 

Driving 

Airlock 

Survey 

Drill operation 

Trailer maintenance 

Food Prep. 

LSS maintenance 

Exploration 

Distance 

14 ft 

16 ft 

10 ft 

20 ft 

7R 

4ft 

12 ft 

14 ft 

50 ft 

Shielding Time 

1 in. Al 

1 in. Al 

1 in. Al 

none 

0.5in. Al 

none 

1 in. Al 

1 in. Al 

none 

8hr 0.333 

5hr 0.2083 

l/3 hr 0.0139 

lhr 0.0417 

lhr 0.0417 

l/3 hr 0.0139 

2 2/3 hr 0.1111 

2 2/3 hr 0.1111 

3hr 0.1250 

24 hr 1.0000 

ft 

Configurations considered for the heat source include the 4n shield which will effectively 

surround the source and the slab or shadow shield which will protect the cabin only. The 

shield for the RTG is a slab. While the 4n shield would be thinner than the shadow shield, 

it would probably incur a much larger weight penalty and would impair passive heat rejection 

for emergency cooling. 
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Analysis indicated that the shadow shield could not be used with principal outside duty 

stations being left unprotected. Thus a scheme was chosen in which most of the duty 

stations would be protected by a shadow shield (which in effect simulates a 47r shield). 

A reduction in the RTG (radioisotope thermoelectric generator) contribution to the total dose 

is effected by moving the unit from the forward right side of the cabin to the right rear. This 

also greatly reduces the weight of the RTG shield because of the angle subtended by the cabin 

as well as reducing weight of the shield for the heat source. 

With duty stations and associated time allocations as given in Table C-l for the 45-day 

mission of the lunar roving vehicle, weights of the shields for the nonintegrated andinte- 

grated systems are given in Table C-2. 

TABLE C-2. ESTIMATED SHIELDING FOR NONINTEGRATED SYSTEMS 
(12.5 Rem Dose in 45 Days) 

Shield Weight-lb 

RTG Heat Scurce 

15 KWt Brayton System 330 275 

31 KWt Rankine System 350 415 

The weight of the RTG shield for those power systems other than the isotope source systems 

is 260 pounds. 

C. 3 HEAT SOURCE CONCEPT 

Selection of concepts for the heat source configurations is based on a number of factors 

including the design guidelines, safety considerations, and the mission restraints which 

follow. 
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a. The fuel package shall be designed to survive and maintain containment of the fuel 

for any credible accident either on the launch pad, during launch, in transit, and 

during landing on the moon and mission utilization. 

b. The fuel package shall be designed to contain the fuel for the length of time required 

for nuclear safety considerations in the event that it is jettisoned at sea and cannot 

be recovered. 

c. The fuel package shall be designed for separation, atmospheric re-entry and re- 

covery following an aborted mission in which it returns to earth. 

d. The fuel module shall be loaded into its heat exchanger aboard the spacecraft prior 

to launch with no provision for refueling during the entire mission or for removal 

from the heat exchanger except for “last-ditch” emergency cooling. 

e. The most reactive configuration of fuel, regardless of the situation, must not be 

critical. 

Comprehensive preliminary design and safety studies (Reference C- 1) of flexible heat source 

subsystems performed by General Electric considered various isotopes and their compounds 

in conjunction with thermoelectric, Rankine, and Brayton power conversion subsystems that 

would lead to safe and reliable power supplies for manned and unmanned missions requiring 

1 to 10 KWe. The studies developed and analyzed overall heat source subsystems for Pu-238, 

Po-210, and Cm-244 fuels in conjunction with power system/heat exchanger combinations. 

Based on the results of the previous large heat source studies, the torus configuration is 

selected as the design concept which most effectively meets the guidelines and constraints 

of the heat sources for use with the 45-day lunar rover. The design of the heat source and 

heat exchanger module is shown in Figures C-2 and C-3 for the Brayton cycle system. The 

heat source in this configuration provides a single package for handling and for interfacing 

with a cylindrical heat exchanger matrix as shown in Figure C-4. Generally, the heat source 
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Figure C-2. Heat Source and Heat Exchanger Module-End View 
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Figure C-4. Heat Source - Heat Exchanger Interface 
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proper will consist of either one or two rings of capsules enclosed by a torus of re-entry 

protection material in the form of a foamed metal impregnated with a salt. 

The fuel capsules are mounted to a skeleton framework in a circular arrangement. The 

framework consists of channel rings with circular segments cutaway for location of the 

capsules. Angle rings are provided at one end to hold the spring clip in place. The heat 

source module is supported by the channel rings and angle rings which are attached to the 

closure plate at one end of the framework. He-entry protection is provided over the entire 

module. The foamed metal is brazed to the individual capsules, impregnated prior to assembly, 

and is stepped to provide an interlocking assembly. A closure cap of re-entry material 

on the capsules completes the protective shroud. Thermal insulation is provided over the 

closure cap. Heat rejection is by conduction from the outside walls of the capsules through 

the re-entry protection and with radiation to the outside heat exchanger. Heat transfer to 

the inner heat exchanger is by direct radiation from the interior walls of the fuel capsules. 

Two independent cooling loops are provided in the heat exchanger within the heat source, 

each of which can remove the entire energy output of the source. 

In addition to the redundancy of coolant loops, a “last-ditch” cooling capability is provided 

by an emergency ejection mechanism. This mechanism, which is designed to expose the 

fuel capsule module for environmental cooling in the event of a loss of cooling to the heat 

source, ejects the fuel capsule module to the rear of the roving vehicle trailer. 

Heat is transferred to the gas loop by a compact NaK to argon heat exchanger. Integral with 

the NaK loops is an insulated tube and fin radiator which is used as a secondary means of 

heat rejection should the power conversion loop fail. The heat exchanger is exposed by 

insulated shutters operated by a vapor pressure bellows from a temperature probe in the 

heat source. 

For the Mercury-Rankine system, the heat source and heat exchanger module is shown in 

Figures C-5 and C-6. Mating of the heat source with the exchanger occurs also as shown in 

Figure C-4. The arrangement of capsules and re-entry material is the same as the design 
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Figure C-5. Mercury-R&&e Heat Source and Heat Exchanger Module - End View 
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for the Brayton systems as is the method of securing the individual capsules (with their 

segment of re-entry material) to the framework forming the torus. Heat transfer to the 

inner and outer sections of the heat exchanger is also by radiation as described for the 

Brayton systems. 

In the event of failure of the power conversion loop, a possible secondary means of heat 

rejection would be periphal insulation in the form of shutters operated by bellows activated 

by vapor pressure generated in a temperature probe within the heat source. The shutters 

would open allowing rejection of heat to space by direct radiation if the temperature of the 

fuel capsules increases. This system was considered for possible use with the Rankine 

systems since the high temperature radiator for waste heat rejection might not require such 

a large area on the trailer and might therefore provide a sufficient view of space. System 

analyses, however, indicated that the view of space afforded by the Rankine cycle radiator 

would also be severely restricted. Therefore a separate cooling loop is provided in the 

exchanger within the source which is used to transfer heat to a temperature control radiator. 

Heat rejection is by direct radiation to space and is controlled by a system of insulated 

shutters on the radiator from a temperature probe within the source. As was incorporated 

in the Brayton cycle heat sources, a “last-ditch” capability is provided by an emergency 

ejection mechanism which will expose the fuel capsule module for environmental cooling. 

C. 4 CAPSULE MODULE 

C.4.1 FUEL CAPSULE DESIGN 

Design considerations for fuel capsules based on previous studies of large isotope heat 

sources included such factors as pressure containment, (i. e., pressure increase caused 

by the buildup of helium gas from the alpha-particle emitter), long term stress rupture, 

impact survival, fabrication, thermal performance, and fuel containment. In addition, for 

the present. application, other criteria were imposed which included: 
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a. Maximum cladding temperature of the fuel shall not be exceeded during normal 

operation. 

b. The most fissionably reactive configuration of all capsule fuel for any one heat 

source shall not exceed a reactivity of 0.9. 

C. The fuel shall be contained for any credible accident. 

C.4.1.1 Venting 

Although there are currently no tried and proven vent designs which can be incorporated into 

capsule design, the choice of a vented capsule for the heat sources is based on the following 

considerations : 

a. Stress rupture limitations are severe on nonvented plutonium capsules due to the 

long half life of the fuel. 

b. Fabrication of a vented capsule should be much simpler than an unvented design and 

is therefore important for its benefit to the development of a single-wall capsule 

(other than a thin wall fuel liner). 

C. Venting eliminates many unknowns introduced by the composite wall concept for 

nonvented designs in the areas of materials compatibility and design interactions. 

d. The volume required for poisons in plutonium capsules competes with the void 

volume requirements in nonvented designs and aggravates the stress-rupture problem. 

e. Uncertainties in the available data on sea water corrosion and long term effect on 

material properties is an added incentive for venting. 

f. Vented designs offer the decided advantage of eliminating the need for pressure 

containment within the post-impact configuration. 
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C. 4.1.2 Criticality 

The design of the fuel capsule is such that the most fissionably reactive configuration of all 

fuel and structural material for any one heat source will not exceed a reactivity of 0.9. 

C. 4.2 MODULE DESIGN 

The dimensions of the capsule module and of the fuel capsules are related to the overall 

system design through consideration of heat transfer requirements. Equating the heat 

generation rate of all capsules for a given heat source to the total heat flux which must be 

removed from the surface of the enclosing torus yields a relation between the dimensions 

of the torus and the capsule dimensions as a function of the sink temperature (heat exchanger 

wall temperature). The resulting dimensions for the nonintegrated and integrated heat 

sources are shown in Table C-3. 

C. 5 RE-ENTRY PROTECTION 

Under normal conditions, the heat source subsystem will be located on the lunar roving 

vehicle after having experienced the launch from earth, translunar flight and landing on the 

moon without being exposed to unprotected re-entry conditions. However, the fuel module 

may possibly experience random re-entry as a result of an accident or an abort. Therefore, 

backup re-entry protection is provided for the fuel capsule module. 

TABLE C-3. NONINTEGRATED HEAT SOURCE DIMENSIONS 

Nonintegrated Integrated Nonintegrated 
Brayton Brayton Rankine 

Torus Length (in. ) 15. 7 14.0 17.2 

Torus Diameter (in. ) 16.2 14.5 17.9 
-- 

Integrated 
Rankine 

16.2 

15.8 
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Based on the Apollo mission profile, an altitude of 450,000 ft (85 miles) and a velocity of 

36,000 ft/sec (24,600 mph) are reference conditions for superorbital re-entry and present 

the worst conditions on the basis of the total integrated heat pulse experienced by the body 

re-entering the earth’s atmosphere. With these conditions and for a typical range of values 

for the quantity, W/CDA, where W = weight of body, CD = drag coefficient, A = frontal area 

of body, the smallest angle of re-entry is found to be approximately 6.5O. The module will 

not re-enter the earth’s atmosphere at smaller angles. 

Aerothermodynamic effects of superorbital re-entry are analyzed by means of a GE-MSD 

digital computer code (the Round Earth Point Mass Code), which calculates instantaneous 

heating rates based on a computed trajectory and employs appropriate body drag subroutines 

dependent-on density and Mach number relationships coupled to a reference area. An in- 

stantaneous stagnation heating rate (based on a reference sphere of 1 foot diameter) is 

computed according to the relationship 

%tagnation = 

where R = Reference nose radius 
n 

pa3 
= Fkee stream density 

v = Free stream velocity 
03 

PS 
= Sea level density 

vC 
= Orbital velocity at re-entry 

Since the heat source configuration is of a cylindrical geometry, the computed spherical 

heating rate is modified by the following multiplier to determine the actual heating rate. 

To Obtain .Md-@ply Spherical Stagnation Heating Rate by 

%umbling 
cylinder 
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where D ref is the reference diameter of the re-entering body. The drag coefficient used 

in the program is calculated by the relation CD = 2(0.398 + O.l78D/L) where D and L are 

the diameter and length respectively of the body. 

The total integrated heat pulse, which is important to the re-entering body, is shown in 

Figure C-7 as calculated by the code for various angles of re-entry and for the given condi- 

tions for superorbital re-entry. Angles of re-entry larger than 6.5’ are seen to result in 

lower total heat pulses. The total time of the heat pulse is given in Figure C-8 as a function 

of W/CDA with re-entry angle as the parameter. 

Since the ablative material must be bonded to the fuel capsules in the reference design to 

act as part of the heat conduction path, the use of graphite as the ablative material is pro- 

hibited because of its extremely high ablation temperature as compared with the clad and 

fuel materials. Foamed metal systems that may be bonded to the fuel capsules and impreg- 

nated with suitable ablative materials appear to offer a potential solution. Evaluations of 

several .materials show that aluminum trifluoride is a promising candidate for the impreg- 

nating material, and the heat source designs and analyses are based on this material. 

Heating rates employed to calculate the average heat shield thickuesses are based on the 

tumbling mode (cylinders with an L/D approaching unity will very likely tumble), and the 

heat shield material used in the evaluation is a porous nickel impregnated with aluminum 

trifluoride (90% AlF3 + 10% Ni by volume). The A1F3 vapor pressure-temperature char- 

acteristics indicate a potential sublimer with a heat vaporization of 1632 btu/lb and a sub- 

liming temperature of approximately 2300’F. This heat shield absorption capability and 

a body re-radiation temperature of 2200’F with an effective emissivity of 0.7 result in the 

II approximate heat shield thicknesses shown in Figure C-9. However, for each established 

design of the heat source with given values of L and D along with the weights of the capsules, 

the exact thickness of ablative material is determined by an iterative subroutine of the main 

program. The values found for the nonintegrated and integrated designs are given in Table C-4 

with the letters referring to the corresponding dimensions in Figures C-2 and C-4. 
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Figure C-7. Total Heat Pulse Time as a Function of W/CDA 
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Figure C-8. Total Integrated Heat Pulse as a Function of W/CDA 
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Figure C-9. Required &-entry Material Thickness 

C. 6 SOURCE SUBSYSTEM WEIGHT 

Additional calculations were made to determine the weights of the other components of the 

source subsystem such as the heat exchangers and radiators. Estimates of total subsystem 

weight are shown in Figure C-10. 
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TABLE C-4. SYSTEMS RE-ENTRY MATERIAL SPECIFICATIONS 

Parameter 

Heat Source Power (KWt) 

Re-entry Material 

Thiclcness (in. ) 

Torus Length (in. ) D 

Torus Diameter (in. ) C 

Weight 

Brayton 
(Figure C-2) 

Nonintegrated Integrated 

20 15 

1.44 1.49 

18.6 17.0 

19.1 17.5 

231 223 

Rankine 
(Figure C-4) 

2.02 2.18 

21.2 20.6 

21.0 20.2 

395 386 

In Figure C-9 the marked effect that body diameter has on the re-entry heating rate and, as 

a consequence, on the re-entry material thickness is apparent. Protection of individual 

capsules for the duration of re-entry was found from previous studies to result in higher 

re-entry protection weights than protection of groups of capsules in the torus configuration. 

C. 7 REFERENCES 

C-l. Preliminary Design and Safety Studies of Large Isotope Heat Sources 
for Space Power, Final Technical Progress Report, General Electric - 

Advanced Nuclear Systems Engineering, GE Document Nos. 65SD4508-lA 
and lB, January 1966. 
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APPENDIX D 

LIQUID LOOP EXCHANGER AND RADIATOR FOR BRAYTON CYCLE 

D. 1 WO-G FLUID SELECTION 

Reference D-l discusses two criteria for the selection of a working fluid for the Brayton 

cycle cooling loop. The major problem is, of course, to find one single fluid to span the 

entire temperature range. Additional research has resulted in limiting the use of Freon 11 

to temperatures less than about 300’F. This is necessary to limit the rate of chemical 

decomposition to which Freon 11 is susceptible. Two other Freon series products, Freon El 

and Freon E3 show greater potential than Freon 11 as high performance heat transfer fluids; 

no detailed thermophysical data is available, however, at the present time. 

A schematic of the revised Bray-ton cycle cooling loop is shown in Figure D-l. 

FROM 415 OF 
R :ECUPERATOR ti 

H/X NO. 1 

THERMINOL FR-1 LOOP x Ti 
= 250 OF 

T Ri I T Ro 

H/XNO. 2 

TO FREON 11 LOOP 

COMPRESSOR d 
76 OF 

Figure D-l. Arrangement of Non-Integrated Cooling Loop for Brayton Cycle 
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Therminol FR-1 was chosen as the high temperature loop heat transfer .fluid on the basis of 

its relatively low viscosity coefficient in the temperature range of use. 

D. 2 .RADIATOR DESIGN 

Two basic configurations have been chosen for a horizontal radiator. 

INLET + 

OUTLET c- ’ 1 

(B) 

Figure D-2. Isotope Brayton Radiator Configuration 

These particular configurations are not the precise dimensions of the weight optimized 

radiators, however, their choice is dictated by the necessity of fitting within 144 sq ft. 

As discussed in Section 8, the Brayton Cycle radiator was divided into two sections; one a 

cylindrical segment, the other a horizontal radiator, to minimize the planar area and 

resulting booster shroud problems. The maximum horizontal area permitted is used in 

each case, since it faces the lowest sink temperature. 

In order to fit the lower (cys = 0.05, E = 0.84) temperature radiator within the maximum 

allowable envelope the intermediate temperature in the Argon loop has been selected as 203’F. 

Table D-l s ummarizes the optimum radiator parameters, and Table D-2 presents configu- 

ration parameters for a vertical radiator. 
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TABLE D-l. FREON 11 RADIATOR DESIGN PARAMETERS (HORIZONTAL - crs=O. 05, e=O. 84) 

Configuration Configuration 

B 

QR QR T . T . TRe TRe 
(kw) OF” Op (kw) OF” Op 

4.87 188 61 

Header Header 

03 03 

6.0 

Tube Tube 
Length Length 

03 03 

23.9 

Weight Weight 

Ob) Ob) 

94.7 

Area Area 

(ft2, (ft2, 

144 I B 4.87 188 61 6.0 23.9 94.7 144 

TABLE ~-2. THERMZNOL RADMToR DESIGN PARAMETERS (VERTICAL, cs=o. 2, E=O. 9) 

Configuration 

B 

A 

QR TRi 
0-4 OF 

8.13 400 

8.13 400 

T 
Ro 

OF 

188 

188 

Header 

WI 

3.6 

6.5 

Tube 
Length 

03 

40.8 

23.8 

Weight Area 

0 (fi2, 

35.1 142.8 

38.2 155.2 

D. 3 HEAT EXCHANGER DESIGN 

The basic heat exchanger configuration chosen was a counter flow plate-fin heat exchanger. 

This arrangement represents the smallest number of transfer units and consequently the 

smallest weight. A summary description of the method of analysis is given in Reference D-l. 

Figure D-3 shows a schematic of this configuration. Figure D-4 depicts the radiator weight 

as a function of power system waste-heat rejector. 

Table D-3 s ummarizes the basic heat exchanger parameters for the nonintegrated designs 

and integrated designs. 

Figure D-5 depicts the heat exchanger weights as a function of waste heat rejection for the 

nonintegrated Bray-ton Power System. 
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Figure D-3. Counterflow Plate Fin Heat Exchanger Configuration 

D.4 INTEGRATED BHAYTON SYSTEM 

Design data for heat exchanger can be found in Table D-3. The heat exchanger weights as a 

function of Brayton Cycle waste heat are shown in Figure D-6 for the case in which absorption 

refrigeration is used and D-7, for the design where absorption refrigeration is not used. For 

each Figure theHI/X.numbers corresponds to the application call outs in Table D-3. 

The radiator design parameters are presented in Tables D-4 and D-5 for the integrated 

Brayton systems. Note that only a horizontal radiator is required for Bray-ton cycle waste 

heat less than about 7.5kw. Approximately 1.2 kw is transported to the life support system, 

so that this would represent a 6.3 kw radiator thermal load. The horizontal radiator is 

shown as configuration B in Figure D-2 due to the higher efficiency of this arrangement. 

Figure D-9 depicts the radiator weight for the case where absorption refrigeration is used 

and Figure D-8 shows the weight as a function of waste heat for the design where absorption 

refrigeration is not used. 



120 

110 

100 

90 

3 
- 80 
2 
s 

g 
70 

60 

50 

40 

30 

20 

10 

0 
8 10 12 14 16 18 

Q TOTALtKw 

Figure D-4. Nonintegrated Brayton Cycle Radiator Design 
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TABLE D-3. TYPICAL HEAT EXCHANGER DATA FOR BRAYTON POWER SYSTMES 

r 
Application 

TH - Out (OF) 

L 03 

H 0% 

w 03 

Weight (lb) 

TC - h (OF) 

TC - Out (OF) 

E 

P ‘. sl (inches ) 
P s2 ( inches ) 

t (inches) 

lP,P 

NONINTEGRATED 

A B 1 2 3 4 5 6 

8 5 1.2 .635 8.17 1.2 3.67 5.13 

515 203 415 375 353 415 375 250 

203 76 375 353 76 375 250 76 

.792 1.26 .42 .639 5.7 4.2 2.49 2.54 

.26 .319 1.89 .583 .505 1.89 1.14 .466 

1.26 1.24 .315 .250 .475 .315 .%I .50 

22.4 27.5 6.3 1.39 42.0 6.3 18.9 19.2 

188 61 360 208 45 360 235 56 

400 180 400 230 338 400 360 235 

.88 .90 .727 .132 .90 .727 .893 .90 

.345 .334 .915 1.25 .606 .915 .594 .579 

.15 .15 .15 .15 .15 .15 .15 .15 
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Q TOT 

5.0 

7.5 

LO. 0 

coolant: 

TABLE D-4. RADIATOR NO. 1 DESIGN PARAMETERS - 
INTEGRATED ISOTOPE BRAYTON SYSTEM 

QR 

Kwt 

1.24 319 235 3; 0 7.33 22.1 5.24 

2.45 346 235 3.0 12.63 38.0 9.07 

3.67 360 235 3.0 17.29 52.0 12.75 

Radiator Material: 
coating: 
Configuration: 

Q TOT 

Kwt 

TX 
OF 

T 
Ro 

OF 

Therminol FR-1 
Beryllium 
cr;,=o.2, e=O.Q 
vertical 

Header 

ft 

Tube 
Length 

ft 

Area Weight 

ft2 

TABLE D-5. RADIATOR NO. 2 DESIGN PARAMETERS - 
INTEGRATED ISOTOPE BRAYTON SYSTEM 

QR 

Kwt 

5.0 2.56 

7.5 3.85 

10.0 5.13 

c 001ant: 
Radiator Material: 
C eating : 
Configuration: 

T 
Ri 

OF 

235 

235 

235 
-~ -- _. 

Freon 11 

T 
Ro 

OF 

56 4.0 17.6 

56 5.0 22.0 

56 6.0 23.6 

AblminuDl 
a = 0:05, E = 0.84 

Ho%zontal folded 

Header 

ft. 

Tube 
Length 

ft2 

lb 

Area Weight 

ft lb 

79.6 36.9 

123 57.0 

141.9 74.4 
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Figure D-9. Integrated Brayton Cycle Radiator Design - With Absorption Refrigeration 
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APPENDIX E 

VAPOR FIN RADIATOR DESIGN 

E. 1 RADIATOR DESIGN SPECIFICATIONS 

Vapor fin radiator preliminary designs have been carried out for the heat loads, argon 

inlet and outlet temperatures, and effective sink temperatures that are shown on Table E-I.. 

TABLE E-I. RADIATOR DESIGN SPECIFICATIONS 

I 
Nonintegrated 
System 

12.4 kw 

Integrated System 8.6 kw 

Thermal 
Load T Effective 

Sink Ten -- 
Vertical 
Cylinder 

588OR 

588’R 

beratures 
Horizontal 

Plane 

380°R 

380°R 

T Argon Argon 
Temp 

Inlet 

875 

837 

E. 2 VAPOR FIN RADIATOR REQUIRED AREA CALCULATION’ 

The radiating area requirements of the high temperature and low temperature portion of the 

radiator designs have been determined by the following procedure: 

a. For the specified argon discharge temperature, total heat radiated by the low- 

temperature radiator has been calculated as a function of low temperature radiator 

inlet temperature, based on the assumption that the area is 144 sq ft, the maximum 

plane area allowed. Results of these calculations are presented in Figures E-l 

and E-2 for the cases of 12.4 kw and 8.6 kw total heat load, respectively. 

b. The heat load of the high-temperature radiator has been determined as the differ- 

ence between the total radiator load and the load carried by the 144 sq ft low, temp- 

erature radiator. The area required to radiate this load is then determined, 
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Figure E-l. Low Temperature Area Selection 
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Figure E-2. Low Temperature Radiator Area Selection 
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subject to the specified hot argon inlet temperature and the condition that the 

high temperature radiator outlet temperature is equal to the previously determined 

low ,temperature radiator inlet temperature. 

The results for the 12.4 kw load are shown in Figure E-3, and.for the 8.6 kw load 

in Figure E-4. 

Assumptions for these calculations were as follows: 

(1) A temperature difference of 20° between argon temperature and radiating sur- 

face temperature at the low temperature end of the radiator, graduating 

evenly to a 30° temperature difference at the high temperature end of the 

radiator. 

(2) Effective radiating surface emissivity of 0.84. 

600 650 700 750 
RADLtTOR OUTLET TEMPERATURE (OR) 

Figure E-3. High Temperature Radiator Area Selection 
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E-4. High Temperature Radiator Area Selection 

E. 3 ARGON DUCT DESIGN CONSIDERATIONS 

Since a major feature of the vapor fin radiator design concept is the concentration of the 

argon flow in a single duct, one wall of which is evaporatively cooled by the attached 

vapor fins, it becomes necessary to provide fins inside the argon duct in order to realize 

convection surface area and convection heat transfer coefficients adequate to cool the 

argon within reasonable pressure drop limitations. 

Data in Reference E-l has been used to determine the convection coefficients and friction 

factors for representative fin geometries. Results of these calculations for the case of a 

3-inch x 6-inch duct cross section with internal plate fin (Figure 8-10) are shown in 

Figure E-5. The selected design condition is indicated on this figure. 
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E. 4 VAPOR FIN INTERNAL DESIGN 

Design parameters of concern in the internal operation of the vapor fin include the following: 

a. Heat input surface thermal flux. 

b. Vapor velocity along the fin. 

c. Reflux distances. 

d. Angle of reflux path to vertical 

e. Working fluid properties, heat of vaporization, liquid density, surface tension, 

viscosity, vapor pressure at fin temperature. 

f. Magnitude and duration of steady and transient accelerations to which the operating 

fin is subjected. 

g. Vaporization surface and refluxing surface capillary structure geometry. 

With water as the working fluid, experimental wick boiling data has been recorded by 

General Electric indicating low AT evaporative heat transfer at low pressure and temperature 

(35’F, 0.2 psia) up to heat flux rates of 10,000 to 15,000 btu/hr/sq ft. Considerably higher 

fluxes can be realized at low AT at higher levels of temperature and pressure. The heat 

flux levels required by the vapor fin designs considered herein are in the range of 5,000 to 

10,000 btu/hr sq ft. 

The fin cross sectional area required for a vapor velocity of 100 ft/sec at representative 

levels of fin heat transfer is plotted for the working fluids water and Dowtherm E in 

Figures E-6(a) and E-6@). These figures also indicate the fin pressure as a function of 
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temperature. In order to maintain all vapor fins at low pressure level (below 50 psi) it 

is advantageous to use Dowtherm E working fluid in the high temperature fins and water 

in low temperature fins. 

Because of the low heat transfer requirements of fins required for the subject radiator 

designs, and also because of the low lunar gravity, it is very easily determined that the 

refluxing design requirements. are far below those realized in lg water experiments. By 

confining the reflux stream between the fin-screen insert and the’fin wall, capillary forces 

on the refluxing liquid will substantially exceed inertia and gravity forces for till reasonably 

predictable shock and gravity loadings induced by jolting and tipping of the vehicle. 

E. 5 METEORITE PROTECTION DESIGN CONSIDERATIONS 

In the development of the design concept of Figure 8-9 considerable attention has been 

given to the question of meteorite vulnerability and armor requirement of the vapor fins, 

and to the determination of required excess capacity needed to insure a specified pro- 

bability of maintaining 100% radiator capacity throughout an 1800-hour mission. The 

design principles formulated in relation to these points can be summarized as follows: 

a. Armor thickness required on the vulnerable radiating surface of the vapor tubes 

can be determined from curves such as those shown in Figures E-7 through E-10. 

These particular curves apply specifically to aluminum at SOO’R and to a mission 

length of 1800 hours. The curves are based on the following equation relating 

armor thiclmess, vulnerable area, mission time, and materials properties: 

ta = 0.448 
AT 0.249 

Y 
l/6 E i/3 -log PO 

where: 

ta = armor thickness (in.) 

Y = specific weight of vulnerable material (lb/in?) 
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DUCT DESIGN A 

10 15 20 25 30 

VULNERABLE AREA (FT2) 

Figure E-7. Argon Duct Required Thickness vs Vulnerable Area for 0.99-1800 Hours 
Survival Probability (No Bumper Effect Considered) 

.U6 
1 2 4 5 6 7 6 9 10 

VULNERABLE AREA (FT’) 

Figure E-8. Argon Duct Required Thickness vs Vulnerable Area for 0.99-1800 Hours 
Survival Probability (No Bumper Effect Considered) 
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Figure E-9. Meteoroid Bumper Criterion 

275 



E = Young’s modulus of vulnerable material (psi) 

A = vulnerable area (ft2) 

T = time for which protection is desired (hr) 

pO 
= probability of no puncture 

.025 

MATERIAL - ALUMINUM 

PO = 1800 HOURS SURVIVAL PROBABILITY 

.OlO 
.1 .2 .Y .4 .5 .6 .I .8 .9 1.0 

VULNERABLE AREA (FT2) 

Figure E-10. Individual Vapor Fin Required Material Thickness vs. Vulnerable Area 
and Survival Probability 

This equation has been derived from a similar equation involving sonic velocity 

and density rather than Young’s modulus and density, which was obtained from 

Loeffler, Lieblein, and Clough of NASA-Lewis and Whipple at Harvard University. 

The value of PO, survival probability, to be used is determined from the required 

overall radiator success probability (probability of completing the mission with 

100% capacity), and from an assumed design number of punctured tubes. The 
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relationship between individual vapor tube survival probability, overall radiator 

success probability, and the percentage of surviving vapor tubes is summarized 

in Figure E-11 for the case of 1000 tubes. This figure, which closely applies 

to all cases involving a large number of tubes (500 or more), shows that the re- 

quired level of individual tube survival probability bears a straight line relation- 

ship to the assumed percentage of surviving tubes, for a fixed level of .overall 

radiator success probability. This figure also shows that the difference required 

individual vapor tube survival probability corresponding to 0.90 and 0.99 overall 

radiator reliability is, for a fixed vapor tube survival fraction, small. As the 

number of tubes is increased (over 1000) this difference becomes even smaller. 

b. Required vapor tube material thickness on the radiating surfaces, for a specified 

design level of overall radiator success probability in the range of 0.9 to 0.99, 

as determined from the procedure described above, can be kept small (such as 

0.015 to 0.020 inches) by the following design practices: 

(1) Select a large number of vapor tubes. This minimizes the vulnerable area 

of each tube, and also minimizes the required level of individual tube 

survival probability. 

(2) Select a reasonably low required vapor tube survival fraction. 70% is 

approximately optimum. 

c. A very significant feature of the design of Figure E-18 is that the vapor tubes 

are narrow (l/2 inch) and that the radiating surfaces of adjacent, individually 

sealed tubes are in thermal contact with each other. This feature has the ad- 

vantage that if a given tube is punctured, thereby losing its longitudinal heat 

transfer capability through vapor fin heat transfer from system tube to 

radiating surface, it still is capable of functioning as an extended fin surface 

for the adjacent unpunctured vapor tubes, which now in effect have additional 

radiating capacity. This action, in a typical design, can compensate on the order 
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50 
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Figure E-11. Correlation of Individual Vapor Fin Survival Probability Required to 
Achieve Fixed Overall Radiator Success Probability vs. Vapor Tube 

Survival Fraction 

of 95% for the loss of the punctured tube. For the case of a single punctured 

tube, the operating tubes on either side of the failed tube will increase their 

refluxing rate approximately 45% in order to support the cooling effect of the 

short fins (length equal to l/2 the width of the failed tube) which have in effect 

become attached to one edge of these tubes. Figure E-12 correlates the start 

of mission excess capacity requirement with the end of mission unpunctured 

tube .ratio. Because tube failures produce overloads on adjacent tubes, the 
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Figure E-12. Vapor Fin Radiator Required Excess Capacity to Realize Full End of 
Mission Capacity vs Vapor Fin Survival Fraction 

normal state design levels of boiling surface heat flux and liquid refluxing rate 

for the vapor tubes must be conservatively selected in order to provide margin 

for increased vapor tube heat transfer under conditions of failure of adjacent 

tubes. As the number of consecutive punctured tubes involved in a failed group 

of tubes is increased, the net heat transfer effectiveness of the failed tubes, 

acting as fins on the operating tubes located on either side of the failed group 

of punctured tubes, decreases. This results from: (1) decreasing fin effective- 

ness of the contiguous failed tube surface with increasing conduction distance 

from the heated tubes; and (2), increasing system-tube-to-condensing-surface 

AT in the overloaded vapor tubes adjacent to the failed tube group. Of course, 

as this AT increases, there is a tendency for the overloaded tubes to pass 

part of the overload to adjacent working tubes. 

279 



From the foregoing discussion, it becomes evident%hat even the punctured 

tubes in a radiator design of the type shown in Figure 8-7 can have a large 

residual heat transfer capacity. In order to evaluate the magnitude of this 

effect it is necessary to determine the probable pattern of meteorite punctures 

in a radiator of this type. This is necessary, because, as pointed out above, 

a failure pattern involving isolated vapor tube punctures results in a much higher 

residual heat transfer capacity in the failed tube group, ‘than does a failure 

pattern involving consecutive location of the punctured tubes. 

A detailed probability analysis of the vapor tube failure patterns in a radiator 

of the Figure 8-7 type has been completed. The steps in this analysis are the 

foilowing: 

(1) A typical radiator design of the type .shown in Figure 8-7 is assumed. The 

total number of vapor fin tubes is 2000. It is assumed that 400 of these have 

failed. This corresponds to an assumed unpunctured tube fraction of 0.80. 

The vapor fin tube width is l/2 inches and the radiating surface thickness 

is 0.020 inches. Material is Aluminum at 65OOR. 

(2) Possible failure patterns of the following types are considered: 

(a) One failed tube bracketed by two good ones 

(b) Two failed tubes bracketed by two good ones 

(c) Three failed tubes bracketed by two good ones 

(d) Four failed tubes bracketed by two good ones 

(e) Five failed tubes bracketed by two good ones 

(2) The analysis determines a probable number of failures of each of these types. 

For each type of failure a heat transfer effectiveness of the failed group of 

tubes can be determined. This is essentially the fin effectiveness of the 
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O. 020 aluminum wall over half the width of the failed.tube group, but it is 

also subject to the assumption that the two overloaded vapor fin tubes on 

-either side of the failed group cannot support more than three times their 

normal rated heat transfer. 

(4) By combining the percentage of punctured radiator capacity involved in 

each type of failure and the fin effectiveness of the corresponding failed 

tube group, a probable value of overall resultant effectiveness of the total 

failed portion of the radiator can be determined. 

(5) By combining this number with the number 0.8, which is the assumed 

unpunctured tube ratio, a value for required excess capacity percentage 

needed to insure 100% end-of-mission capacity can be determined. 

The results of this analysis for the particular case described above are 

summarized in Table E-2. These results indicate that single tube and double, 

tube types of failures are, by far, the most probable. Because of this the 

resultant effectiveness of the failed portion of the radiator is of the order of 

0.95. This means, as shown in Figure E-11, that the required excess area 

needed to insure 100% end-of-mission capacity is of the order of 1% even 

though the total number of failed tubes is of the order of 20 to 25%. This 

appears to be a very attractive feature of the proposed design concept. 

The bumper protection principle is employed in two places in the radiator design 

of Figure 8-7. 

(1) The system flow tubes are enclosed within the vapor tube radiating surface. 

The latter surface, therefore, provides bumper protection to the vitally 

critical system tube surfaces. 
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TABLE >E-2. SAMPLE C.ALCULATION OF REQUIRED EXCESS CAPACITY RATES FOR 
SPECIFIED UNPUNCTURED CAPACITY RATIO 

Total Number of Vapor Tubes = 2000 
Unpunctured Capacity Ratio = 6.80 

S = 0.5 inches Aluminum Material 0.02 inches Thick on Radiating Surface 

1 Failure Type 

2 Probable No. 
Of Failures 

3 No. of Punctured 
Tubes Involved 

Percentage of 
4 Punctured Radiator 

Capacity Involved 

Net Resultant 
5 Effectiveness of 

Punctured Tube Group 

6 
Item (4) times 
Item (5) 

Resultant Overall 
Effectiveness of 
Punctured Portion 
Of Radiator 

Required Excess 
Capacity Ratio to 
Insure 100% End of 
Mission Capacity 

S 

dh 

255 51 

255 102 

63.75 25.5 

0.98 0.96 

62.5 24 

10 

30 

7.5 2.0 1.25 

0.92 

6.9 

0.96 

2 

8 

0.90 

1.8 

0.85 

1.06 

More Than 
Five Consecutive 

Punctures 

0 

0 

1 
0.8 + (1-O. 8) 0.96 

w 1.01 

0 Punctured Tube l Unpunctured Tube 



(2) The vapor tube side wall surfaces are protected by the bumper action of the 

adjacent tube radiating surface and by the side walls of the adjacent tubes. 

In this manner the probability of incurring a double tube failure from a 

single meteorite impact is made much lower than the probability of a single 

tube failure. All analysis conducted so far has neglected, as being com- 

paratively negligible, the probability of a double tube failure resulting from 

a single impact. 

Hypervelocity testing has shown that the combined thickness of bumper and tube wall may 

be as little as half the thickness of the equivalent integral armor, depending on the spacing 

and relative thiclmess of the two. Neither theoretical nor experimental work has yet reached 

a sufficient level of sophistication to provide an equation relating these parameters. To 

meet the needs of preliminary design and digital computer analysis, a self consistent 

interim criterion based on computer analysis, limited test data, and a simplified 

phenomenological model has been devised. 

Using the required integral armor thickness (t,) as a reference quantity, wall thickness 

(t,), bumper thickness (tl), and spacing (s) may be related dimensionlessly as shown in 

Figure E-11. The points shown are test data and the heavy line is curve fitted to these 

points. Variation with (s/ta) is established by forcing an asymptote slightly beyond the 

line for s/ta 7 2.5 and adapting the mathematical relationship to conform to findings 

reported by Nysmith and Summers. The asymptote provides a conservative limit on the 

function for large spacings since little is known of the parametric behavior in this region. 

In addition to its relationship to test data, this criterion follows a logical sequence from 

integral armor. Where the spacing is zero, the bumper and wall merge into a single 

member and their combined thickness should logically equal that of integral armor. 

Furthermore, at the extremes where either the bumper or the wall reduce to zero thick- 

ness, it is again logical for their combined thickness to reduce to the integral armor value. 

Figure E-9 is seen to conform to these expectations. As shown, this criterion assumes 

the same material for the wall and bumper. To account for different materials, equivalent 

thicknesses may be based on the general equation for armor thiclmess that follows. 
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The required argon duct wall thickness and the required bumper thickness, ta is deter- 

mined from the equation of Figure E-9 for an argon duct reliability of 0.99. A typical 

case would show 

t 
tb/ta = F - 0.25 

a 

E. 6 OVERALL DESIGN RESULTS SUMMARY 

Table E-3 summarizes the area and weight calculations for the six selected designs. 

These weights include heat transfer, vapor fin refluxing, and meteorite armor material, 

but make no provisions for special structural reinforcement which may be required. The 

0.15 pound sq ft horizontal radiator laminate is also included (approximately 21 pounds). 
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TABLE E-3. RADIATOR DESIGN WEIGHT ‘PI4BULATION 

Design Total Heat 
No. Rejected 

T 
in 

High 

T 
out 

High 

T 
sink 

High 
Q 

High 
Area 
High 

T 
out 

Low 

8.6 kw 

702’R 588’R 6.30 

788’R 588’R 1.35 

83 

14 

T 
sink 

Low 
I-&- Area 
Low Low 

Argon 
Flow 

lb/set 

Convection Argon Vapor 
Fin Duct Fin 

Area Weight Weight Total 

380°R 6.10 144ft2 

380°R 7.25 144 ft2 0.218 260 ft2 

54 lb 100 lb 

70 lb 

154 lb 

110 lb 


